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A description is given of a program of experimental 
work carried out with a constant-temperature hot-wire anemometer, 
on the growth of blade profile boundary layer in a low-speed 
compressor cascade, Various methods of predicting the growth 
of the blade profile boundary layer were applied to information 
obtained from the measured static pressure distribution on the 
instrumented blade. 
Descriptions are given of the design and construction 
of the apparatus used for hot-wire traverses over the blade sur-
face, and of other ancillary equipment, 
Comparisons were made between the predicted and 
measured boundary layer growth, and it was found that for 
highly loaded blades the application of a local value of the 
axial velocity ratio to the GuiahwitsmKehl prediotive technique 
provided the most accurate estimate of boundary layer growth. 
Suggestions are also made regarding follow-up work, based an 
the analysis of some aspects covered in the report. 
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C. 	Absolute velocity 
C 	 Blade chord 
His 	Shape parameter  
H 32 	hap. parameter  
Angle of incidence 
K 	Shape parameter, or factor (defined in Sec. 1.1610 
k Axial velocity ratio (defined in Sic. 1.2.) 
L 	Shape parameter or factor (defined in 
F 	Absolute pressure 
Velocity, further defined by subscripts. 
X 	 Distanoe along blade chord from leading edge 
Nondimansional distance along blade chord from 
leading edge. 
Reynolds number 
Coefficient at skin friction 
Air angle relative to cascade 
Cascade angle (a.m.a in Sic. 2.3.3) 
Boundary layer displacement thickness 
é 	Boundary Layer energy thickness 
r Shape factor (defined inSohlickting2 ) 
9 	Boundary layer momentum thickness 
Nondimsnsional momentum thickness 
C,. 
A 	hap. factor (a.m.a in See. 1.4.2.) 
'Stagger angle 
V 	!Cjne.tio viscosity 
p Density 
¶9 	 'all ehear stress 
U., 	 Axial velocity entering casoade 








9 Momentum thickness 
1 Cascade inlet 
2 Cascade outlet 
Other symbols and notation are defined in the text 
when and where they occur. 
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BOUNDARY LAYER BEHAVIOUR ON TtJRBOMACHINE BLADING 
1.0 	INTRODUCTION 
The problems occasioned by Boundary layer growth in turbo-
machines are due to the growth of two types of boundary layers, 
blade profile and annulus wall boundary layers • Both types of 
boundary layer are subject to three dimensional effects, but it is 
possible to regard profile boundary layers as basically two-dimen-
sional, providing modifications are made to allow for three-dimen-
sional effects, and that separation does not occur. 
The brief outline given below is concerned mainly with 
the consideration of Boundary layer growth on compressor cascade 
Blades • A more complete survey is given by Hor].ock 1 
1.1 
 
PROFILE BOUNDARY LAYERS - COMPRESSOR BLADING 
The growth of the incompressible boundary layer on cascade 
blades is calculated by a variety of methods, a number of which are 
discussed by Schlichting2 . A very useful summary of the computational 
methods for predicting the growth of turbulent boundary layers is 
given by Reynolds 3 . The methods used in this present report Pre 
discussed in some detail in Section 1,4. 
1.1.1. laminar Flow 
Among the earlier attempts to calculate the growth of the 
laminar boundary layer was that of Walz (described in Schlichting2 ), 
Thwaites being virtually the same. Thwaites also proposed a 
criterion for laminar separation, which has since been modified, 
without substantial changes, by Curie and Skan5 , 
The question of whether the laminar flow separates before 
transition occurs, is one the answer of which depends upon three 
factors, (i) the Reynolds number based on the blade chord (Re 0). 
(ii) the free stream turbulence level (t) and 
(in) the pressure (or velocity) gradient in the forr of 
the Holstein and Bohlen shape parameter K = 1.. 
6 	
Y ix 
Extensive work has been undertaken by Seyb , who made 
comparisons between calculated and measured boundary layer develop-
ment,, and studied the extent and nature of bubble growth. He kept 
the Re and turbulence level t constant and studied the effect of 
C 
varying incidence on bubble length and K. 
The results of varying the Re and observing the changes 
in the transition point and laminar separation was reported by 
Rhoden 7, some years ago, and more recently Evans (Reported by 
Horlock1 ) has provided calculations to substantiate the earlier 
experimental work. 
It has been assumed until fairly recently (Schlichting8 ) 
That transition occurs fairly close to the blade leading edge, and 
often transition is induced by deliberately introducing a trip 
wire or artificially roughened spanwise zone. However, Walker  
has recently measured boundary layer growth on the stator blades of 
an axial flow compreasor,and discovered that laming r flow can 
extend to approx. two-thirds of the blade chord back from the lead-
ing edge, depending upon incidence and hence streamwise pressure 
gradient. 
Walker's results show that at negative incidence large 
areas of laminar flow exist, but Horlock10 has described how at 
positive incidence and the higher values of free stream turbu-
lence encountered in practice, these areas of laminar flow are 
considerably reduced. 
1.1.2. Turbulent Plow 
When the point of transition is artificially created by 
2 
some kind of trip-device, it has been shown by Pollard and Goste].ow 11 
that for induced transition, the use of the Thwaitee method for 
calculating the lAlninAl' boundary layer, in conjunction with the 
Truckenbrodt method for the turbulent boundary layer, produced 
predictions not too far removed from experiment. However, the 
Thwaites/ruokenbrodt method begins to fall of in accuracy once 
separation has set in. 
1.1,3, Seprpted Flow 
Once separation of either the laminar or turbulent bound-
ary layer has occurred, it is difficult if not impossible to predict 
the growth and behaviour downstream of this point • This difficulty 
is further increased in real turboinachine flow where there are many 
more variables even less conducive to control. 
The present work also suffers from the shortcomings just 
mentioned, as must all work which cannot allow for the tremendous 
complexities inherent in turbulent flow. However, the next section 
discusses the aims and scope of the present work in more detail. 
1.2 	AIMS AND SCOPE OF THE PRESJ1' ,.ORK 
Before embarking on a program of experimental work it is 
sometimes useful to do some work on existing data, to assess the 
feasibility of ones study. To this and it was decided to use the 
data contained in a report by Peterson U  , The data extracted is : 
Two-dimensional blade profile static pressure cliatri. 
butions. 
Measured values of the displacement thickness of the 
boundary layer () and the momentum thickness of 
the boundary layer (9 ) at various points along the 
blade chord. 
1'! 
The ,'Ialzflruckenbrodt method for calculating boundary 
layer growth was applied and it was shown to exhibit inaccuracies 
near and after the point of turbulent separation. (See Sec. 1.3) 
This is thought to be due in part to the fact that variation in the 
axial velocity ratio ( k = u2/u1 ), because of interaction with the 
annulus wall boundary layers is not accounted for by the Truckenbrodt 
method. 
To establish whether an improvement in the prediction of 
boundary layer growth can be obtained from the use of a method 
which does allow for variations in k, Soundranayagam'3 proposed the 
application of a modified form of the Gruschwitz/Kehl technique, 
the details of which are given in Section 1.4.8. As discussed in 
Section 1.3 below, an improvement over the ;vals/' 1ruckenbrodt 
method was obtained indicating the basic validity o the Sonndranayagaxn 
modification of the Gruschwitz/Kehl technique. 
Peterson's results are however based on only 5 or 6 points 
unevenly spaced along the blade chord, hence it was proposed by 
Soundranayaam that hot-wire traverses at specified evenly distri-
buted positions along the blade chord would supply sufficient data 
to enable the boundary layer thickness calculations to give a more 
complete picture of the boundary layer. 
The blade profile static pressure distribution obtained 
during the same tests would be used to predict the boundary layer 
growth, using the 'overall' value of k. Furthermore, it was proposed 
to also use the 'local' value of k (defined in Section 1.4.8) to 
ascertain whether this gave better prediction. 
A secondary objective was to artificially increase the 
overall axial velocity ratio by physically restricting the cascade 
exit area, and observing the movement of the point of transition 
along the blade surface. This could be of some assistance in under-
standing the physical picture of boundary layer behaviour when such 
restraints are applied. 
13 	PRELIMINARY  CALCULATIONS OF BOUNDARY LAYER G.RO',iTTI 
This section contains a brief summary of the results obtain-
ad by the application of the techniques just discussed (Section 1.2) 
to the data extracted from Peterson's 
12 
 report. Detailed results 
have not been given, but the curves obtained and discussed below 
are appended to the end of this section. Graphs and figures relat-
ing to the main body of the report are at the end of the report. 
10.1. 	 Cascade 
Peterson's cascade consisted of nine blades of 4.j inch. 
approx 124 mm. chord, 20 inch. approx 508 mm e span, and NACA 65-410 
section, giving an aspect ratio of 4 to 1. The space-chord ratio 
was 1.0. The cascade data for the NACA 65 series compressor blades 
is presented by Montgomery 15.  The chord Reynolds number based on 
the vector mean velocity v was approx. 2.7 x 10 • Values of the 
air irlet angle (upstream tangential flow angle measured from the 
axi.l) are icn by reteruon, and to obtain the air exit angle, ref-
erence was made to Montgomery, who designed the wind tunnel used 
by Peterson for his experiments. 
1.3.2. Predictions of Boundary layer growth using 
Wa].zflruckenbrodt Method 
The theoretici prediction methods (Nalz for laminar and 
Truokenbrodt for turbulent) for B.L. growth as outlined in Section 
1.4 of the present report were applied to the results obtained by 
Peterson (plotted by him as a 2-Dimensional static Pressure dis-
tribution),, and the values of 0 and H vs. --- were plotted for 
Peterson's three values of air inlet angle. 
Momentum Thickness : It was found that, for _L v. _&.. 
c 	c 
At low values of cascade loading i.e. in Petersons report an 
air inlet angle of 
550, 
 the Walz technique for the laminar B.L. 
gave results fairly close to those obtained experimentally 
(within approx. 15% of experiment), and the Truckenbrodt method for 
the turbulent B.L. produced results of comparable accuracy (approx. 
10% of experiment. 
When blade loading was increased by increasing the air inlet 
angle to 620,  good prediction was achieved for the pressure side 
of the aerofoil (within approx. 5 of experiment), but for the 
suction side both the laminar and turbulent B.L. were well below 
(laminar only I experiment and turbulent between j and I of 
experiment) the measured values. 
At even higher loading, a cascade air inlet angle of 650,  the 
predicted laminar B.L. was only approx. 10% of the measured values, 
and the shape of the turbulent B.L. bore no resemblance whatever to 
the measured values. 
Thai,e Factor : It was found that. fnr H vs. 
At the air inlet angle of 55 , for both pressure and suction 
surfaces the predicted values of H were considerably higher than 
the measured values, there being little correspondence between 
theory and experiment. 
At the air inlet angle of 620,  the pressure surface gave values 
of H which were on average 15 higher than the measured values, 
but there were too few measured values near the transition point 
on the suction surface for a meaningful comparison to be made. 
It was decided not to proceed with calculations for 65 0, as 




Conclusions : This application of Truckenbrodt's method 
to predict turbulent B.L. growth has made no allowance for axial 
velocity variation, and to this extent at least it fails to predict 
Peterson's measurements at B.L. growth on a compressor cascade blade 
with increasing axial velocity. 
To allow for this, it was decided to use the method of 
Gruechwita to calculate the turbulent B.L., and to modify this in 
accordance with the suggestions made by Kohl, who carried out 
experimental work on B.L. growth in converging and diverging ducts* 
1.393, Predictions of Boundary Laver growth using Cruschwitz/ 
Kehi method. 
To enable changes in axial velocity ratio (with inlet angle) 
to be utilis.d in the GruschwitsAshl, calculations, values of 
UI 
( k, the axial velocity ratio) were extracted from the report by 
Montgomery and plotted against values of the air inlet angle. From 
this the values of k were obtained corresponding to the angles used 
by Peterson, 
çmentmi Thiclaieps : The Gruacbwitz-Kehl equation was 
applied to the oau of the suction surface at 62 ° , an this was the 
cascade setting where the prediction using the Pruokenbrodt method 
begin to fall away from the experimental value. It was found that 
up to _ 	appr. 0.7 the predicted value of -- was within 10 
of the measured value, but at the trailing edge the error had 
risen to about 30 0 the predicted value being lower than the experi- 
rrcntal one irori -- 	in -. = 1.0. 	oever, as can he seen 
fron the curves of _Q vs. _&.. the improverent of thia rethod 
over the previous one is sufficient to commend its use. 
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10 
Conclusions : It was decided,, therefore, to conduct the 
present series of tests, with a view to achieving the aims sit out 
in Section 1.2 
1.4 	TREOR1ICAL PREDICTION OF BOUNDARY LAYER GR0ST 
Introduction : 	The prediction methods given below are 
discussed in sufficient detail for the salient futures to emerge, 
and for the methods to be followed using the various tables and 
graphs contained in Schliohting 2 , 
Sections 194.2 to 1.4.7 below are extracted mainly from 
8"1 4 ohting2 9 where detailed references to the various methods will 
be found, and the original sources named. 
10401 	Definition of axial velocity variation in 
It may be stated as a generalisation that in inoospressible 
flow through a cascade blade row, the inlet axial velocity is less 
than the outlet axial velocity. This acceleration of the axial 
velocity can take place due to a reduction of cascade exit flow 
area because at boundary layer growth on the side walls and on 
the blade profile. These axial velocity variations are known to 
cause changes in the two-dimensional flow angles, and thus it is 
essential to a&ra allowances for such changes in any calculations 
concerning cascade flows. 
Various methods already exist which ask, allowances for 
axial velocity variation In calculations involving two-dimentional 
cascade flaw, end the method adapted in this report is that of 
8cundransyu6s. It is fairly simple to apply, and in particu-
lar can be applied to an experimental flow with axial velocity 
change to correct the flow to two-dimensional conditions. 
With reference to Fig. IA. 3oundranayagan has shown that 
the axial velocity ratio is given by 
C-, 	-LL 
where u2 = axial velocity at exit 
and U1 = axial velocity at inlet. 
He also shows that 
= 
k+ I 
These relationships have been used in the present work to 
	
obtain the value of - 	at any chord point, as explained in 
UM 
Section 1.4.2. 
1.4.2, Momentum Thickness of the laminar Boundary layer 
The calculation of the momentum thickness of a two-dimen-
sional boundary layer was developed by Holstein and Bohlen from the 
form originally proposed by Pohihausen. 
The basic momentum equation is 
- 	=u44(2e+c)u4! 
(1) 
Multiplying by _L , equation (i) can be represented in 
)'U 
the following dimensionless form 
'C& 
e 	CLA Y 	 (2) 
Holstein and Bohlen introduced the shape factor 
K 	LU 	L° 
1' 	4x cJx 
which together with another shape factor 
y 
may be introduced into equation (2) to produce 
J_UA +[Z+,(K)1K = f2(K) 	
(3) 2 	ttz 
1]. 
where f (K) = ..k. and f (K) = 19 1 	 2 
Walz pointed out that equation (3) can be reduced to 
a single quadrature by introducing another approximation, i.e. 
that the function F(K) can be approximated very closely by the 
straight line 
a - bK 
where F(K) is related to equation (3) as follows 
P(K) 
= 2 	 - 	
- 2(K) 
di 	F(K) i.e. 	 = ax U (If) 
ialz found that when a = 0.47 and b = 6 the straight line approx-
imation was good, i.e. Equation () becomes 
U di = a - bK 
2 
i.e. 	d1\ 	- (b-i) , 
a L Q 
which upon integration becomes 
1tJ' & 
L)J0 
and using the values for a and b above, 
= 2±7 f " t,LIl'  , LI 	 O 
Thwaites came to the same form of equation with a 
constant a = 0.)5 and Walker  has used his method and shown that 
the difference between 0 predicted and measured appeared to be 
fairly randomly distributed with a mean error of approximately If%, 
suggesting the essential two-dimensionality of the laminar 
boundary layer. 
An the reference velocity for a cascade is the vector 
mean velocity 	the Walz quadrature above becomes 
rXf S 
= 	L 	fl 	 (I) 
)' 	c 2 	(lA/tL.') 
12 
From the two-dimensional static pressure distribution ii 
can be determined as a function of 	as shown below and equation 
(I) evaluated. 
Method of obtaining 
U 
ti 
is obtained from a consideration of the velocity 
M 
triangles (Fig. $4). From these we have 
U 
I 
Cos C4 I 
* U 
in 





cosoe -u Cos C4( k1 
M 	m 	inC 
Cos CA 	 ) 
M ( 	k+l 	) 
* U CO5o' 	
(k+I—k+I) 
in 	m ( 	k+1 	) 
() 
= U 008 CK 	
2  




Cos 01a( 	2 
	
U 0 nIq 
0( 1 	( If + 1 
Now 11 is obtained from applying the energy equation 
I 
between a point upstream and any point on the blade surface 
2 
p + 	U 2 =p1 + / U 1 
.. 
 
1/0  (u2 - u12) = p 1 - p 
- p 
UI 	 /u12 
, 	2 
-p 	=1- p-p1 = 
' UI ) 




Thus equation (5) becomes, 
u 	 2 	cos 1 - Cp 	
k + 1 (6) 
1..3. Instability and Transition 
The point where stable laminar flow first begins to exhibit 
evidence of disturbances is called the laminar instability point. 
This point of instability may be calculated by either of two methods, 
one given by Rosenhead which uses a curve of critical boundary layer 
Reynolds number based on 8 against the pressure gradient parameter 
K, and the other developed by Sohlichting and Ulrich which utilises 
( 
the critical boundary layer Reynolds number based on 
0ic 
 plotted 
against the pressure gradient parameter J.. . Either method may be 
used because of the simple relationship between sand 0 given by 
the shape factor -1= 4. 
The method chosen was that of Schliohting and Ulrich, and 
is as follows : 
11 	 The shape factor K(= 4 4!L) is calculated for discrete 
values of , and a graph of K vs 	plotted. 
The criteria for laminar separation is taken as K a .0.082 
by Thwaites, but Curie and SIn have shown that the best value for 
all-round accuracy is K = -0.99. 
A 'aph of -- / 	vs 	
is plotted from the solution 
of Equation (I) above, and the value ofl where laminar separation 
is estimated to have occurred is read off on this graph. 
A plot of the shape factor A vs the shape factor K 
enables the value of A to be determined for each point for which 
K is known. This allows a plot of A vs 	to be made. 
50 	 Use is now made of the stability calculations of 
15 
Sohlichting and Ulrich who produced a useful plot of the variation 
of ( 	j . vs A . 	They found that on proceeding downstream 
along a laminer boundary layer at a constant chord Reynolds number, 
to start with, the limit of stability (_US 	is very high 
owing to the sharp pressure decrease. However, the boundary layer 
here is 	
I t 
thin and hence the local Reynolds number 	 is 
bound to be smaller than the critical valuc (0) 	, and the 
boundary layer is stable. Further downstream the rate of pressure 
decrease lessens and is followed by a pressure increase behind the 
point of minimum pressure so that the local limit of stability ( LIS2  
	
Y 	erlt. 
decreases in the downstream direction, whereas the boundary layer 
thickness and, with it, the local Reynolds number, 	
, 
increase. 
At some point the two become equal, i.e. 	= (UyS* )c . rj 
and this point is where instability is incipient. From this point 
onwards the boundary layer is unstable. So from the plot of 	Lit. 
vs A and from the plot of A 	vs , a value of (Ljp)c. 
is obtained for each point on the aerofoil. Thus a plot of  )1 	c.rit. 
vs 4 can be made. 
C 
Now the local Reynolds number can be evaluated from 
0 (Z /1~:C 
V 	r- —V ) / -~ —iv:c  U - 
and thus it is possible to determine 	 vs 	for various 
V 
values of 	and produce a map of - 	 vs 	with the limit 
of stability established for varies values of body Reynolds number. 
Hence the position of the instability point t  can be 
plotted on a base of Re  from 1 x 10 to 1 x 106. 	
° 
The next step is to endeavour to obtain some correlation 
between the instability point and the point of transition. 
16 
Schliohting has shown that as a rule the point of transition lies 
behind the point of minimum pressure but in front of the point of 
laminar separation, for Re  in the range up to 1 x 106. 
The actual distance between the point of transition and the 
point of instability can be represented in the form of the difference 
between the Re formed using the momentum thickness at these two points, 
i.e. 	Re - Re e . 
Schlichting has plotted this parameter against the mean value of 
the shape factor K, based on values found by Granville. 
However Walker  has suggested an alternative method 
which uses a plot of the norma1{ed instability length, 
Re, - Re.. / Re, 	, against H 
m 
 the mean value of the shape 
factor of the instability length. An inspection of the plot of 
his experimental figures does not appear to show an improvement over 
Granville's method, 
In view of the uncertainty of these predictive methods 
it was decided to estimate the point of transition using the hot-
wire traverse close to the blade surface, and to use this figure 
for subsequent predictions of boundary layer growth. 
1.1.4, Calculation of the Shape Factor 
Before completing the computation of the momentum thick-
ness by using Truokenbrodt 'a method for the turbulent boundary 
layer, it is first necessary to be able to predict whether turbu-
lent separation will or will not occur, and to assess the suscep-
tibility of the boundary layer to separate. To do this necessitates 
the calculation of the variation in one of the shape factors around 
the blade profile. 
Truckenbrodt provides a relationship between the momentum 
thickness and the shape parameters (he calls them form parameters) 
17 
H (_ 	0 12 - and H32 ( 	i ' ) , 	expanded 
by Sohlichting to give 
O !2.12 	B  0112 - 1) 1132 0 	dli 	+ 2 d 1 + t 1  - P 3z 'ro 
(IX 	 1) ,0 u 3 
As this was rather complex for oalculaticn, Truckenbrodt 





H32 	32 .(u )
o (H12-1JH2 
and the transformed equation obtained was 
(ue'1'4L 	- (j ' 
)) 	dx \'J 	) 
The calculation of L is given finally by Truokenbrodt 
as 
L= 	L, + 1. _UA 	fl 4 }d 
U t 
where 	is defined as 
= { 	
(f4$V 	 I 
The expression for L was further modified by Speidel 
Scholts who introduced the momentum thickness already calculated by 
the Truckenbrodt equation, and obtained the partially integrated 
form. 
L a 	Lt + 0,23 + 0.0076_ - 0.030Zln No )..1n(u ).0.0076 in
fl+1 	 7.) (—UM ) 	 t 
-0.23 - 0.0076 	+ 0-0304 in ( U  ) + 1i 	+ 0,0076 ..L.  in 
n+1 ( 	) 	 n+i 
-l.0608xj f in(u) a (7. ) 	 (II) M 
In this form the equation lends itself to straight-
forward numerical computation. The step-by-step procedure to 
determine H at any chord point is as follows : 
1 1 	From the plot of K vs H obtained from the Section 1.4.2. 
laminar boundary layer, as K is known for various chord points, the 
value of H can be plotted vs 	up to the estimated point of 
C 
transition. 
2. 	Next the transition Reynolds Number is determined 
Re 	(t) and thus from the plot of 	H vs Rot , the value of 
H may be read off. 
36 	 Using H to obtain a value of Ht, and then the plot of 
H vs L. the corresponding value of Lt  is read off. 
11. 	 Next the value of L at the next chord point ( ) is 
(0) 
determined using equation II above. Thus the value of H for each 
value of L thus determined can be read off the H vs L plot. 
5. 	Values of H vs x can now be plotted from the estimated 
C 
transition point to the blade trailing edge • These can be compared 
with the actual measured values of II (= -) to enable tie cccir-
anyo of the predictive procedure to be checked. 
(The use of the shape factor L makes it unnecessary to use 
the shape factor H32 so that the suffix 12 may be dropped 
from H12, and need cause no confusion). 
1.4.5. Momentum Thickness of the Turbulent Boundary 
Iyer - Truokenbrodt 
Truckenbrodt 's method makes use of the energy integral 
equation, which may be written as 
1 	d 	(U3 	) 	
= 2 d + t1 	
(7) 
03 
The quantity d is that portion of friction work which 
is dissipated as heat transfer, and t 1 is the enerr of the turbu-
lent motion. In general t1 << d and may be neglected. 
Truckenbrodt showed that a1 is related to Re 9 	by the follow- 
3 








J. Rotta showed that the shape factors H12  
and H32  (= 	I ) are uniquely related, so that a substitution 
of equation (8) into (7) above, (and assuming a mean value of h 32 





with the value of n dependent upon the Reynolds number. The 
constant A in equation (9) can be expressed in terms of coefficient 
of aldn friction, c, for a flat plate at zero incidence. Now 
of depends on the Reynolds number UmC  and for a smooth flat 
V 
plate of z 2 0 • Hence with C 1 = 0, X t = 0 and U = U 
equation (9) becomes 
a 	nil 	 1 




C 	 LLj 	 ) ( tL4 	C 	 (iii) 
where n = 4. is valid for small Re and n = 6 for large Re. The 
constant C 1 takes into account the laminar portion of the B.L. 
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and xt denotes the position of the point of transition. The value 
Of 01 is obtained from 
I 1 
) a ' Jo 
where C  denotes the laminar coefficient of skin friction for a 
1 
flat plate at zero incidence at a Reynolds number Re = u c 
y 
and is given by C 
	1.328 
1 
Thus we have in a forri that lends itself to straightforward digital 
computation, an expression Equation (III) that provides the momen-
tum-thickness of the turbulent B.L. 
1..6. Momentum Thj.olaipas of the Thrbul.nt Boundary Layer-
Grus chwitz 
The general momentum-integral equation for a two-dimen-
sional, incompressible boundary layer is given by Schliohting as 
2:,. - ' (Ub e) + S*u 
1P 	T4 	
ax 
Differentiating, we obtain 
 U A9 To 
- 	 42.0e L' +lcI*U 
jO 	dX 	 AA 
=u&+ue 4L(Z+k* 
dx 	CLx\ 	o 
	
cL 	U ci,' ( 	 2) 
	
(10) 
Once again introducing the vector mean velocity, part of 
the R.11.S. becomes, 
(u/u 	 (u/u )Tri 
1 	d 
u dx 	u/um ( dx 	 C u/us  ~ 	i 
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and substituting this in equation (lo) we get 
TO 	cLê (4+2).J_f 
d 	 C- L4 
Ire ._ ___ 
/o U - a 	/4 /)j  
 CL 19 -r. —	-(-2)e. _L [ c("/u,%.)'l 
ax 	 J 
(ii) 
Equation (Ii), does not however, make allowances for 
changes in the shape factor H and the akin friction coefficient 
of . 
1.1,7. Modification of Gruschwits 'a Equation to allow 
for changes in H and 
Cruschwits was able to do this by introducing another 
shape factor 	related to the momentum thickness as shown in the 
following equation, 
-2 y -B-- - 	-(0.008%. 	0.00461) 	(12) 
From previous calculations in the Shape Factor section, 
the value of H for the transition value of 	is known, and from 
C 
a plot of H vs i given in Schliohting, the corresponding value of 
is obtained, 
Thus in equation (12) above, 9 and u are known, an also 
are du and , , hence dA may be determined. 
dx 	 dx 




- - _L.  
IIIIUI 	r-U J - 
then 19 l ot= - a o_. —L ____ 
C. d{x/) 	c 	R/q., 	4 ("k) 
(0.00894 r1 - 0.0(461) 	 (13) 
Once has been determined then the value of 1 at 
the next point along the chord can be obtained and the whole process 
repeated. Thus for each value of a new value of H is found and 
substituted into equation (11)9 
Since H has been determined at each point, then for the 
local value of Re 9 the value of 	may be calculated by using Pu 
the Ludwig - Tillman equation 




Finally, with the new values of H and o f,, equation (11) 
is again evaluated for the selected points along the chord, and I 
C. 
is obtained. 
What this equation does not provide us with, is the effect 
that variations in axial velocity ratio have on the B.L. growth. 
Whenever the physical set-up has blades of low aspect ratio and end 
walls as in a cascade, then account must be taken of the effects of 
these walls. What occurs is that a B.L. grows on the end walls 
(equivalent to root and tip on a turbo-machine stator blade) and 
this effects the growth of the blade B.L. at mid-span. Thus the 
equation by Gruaohwits has to be modified as indicated below, as 
"tended by Kohl. 
1.4.8. Momentum Thickness of the Turbulent Bpundaryi 
Lsyer z Gruschwits - Keh3. 
A. Kohl 16 carried out some work where he extended 
Gi"usohwitz 'a calculations to include cases where the streamlines 
are either converging, eg. a nozzle, or diverging eg. a diffuser, 
and though Kohl was concerned with the prediction of three 
dimensional boundary layers, his approach can be adapted as shown 
below by the method of Soundranayagam13 . 
Convergence and Divergence of Streamlines on an Aerofoil 
The effect discussed in the final paragraph of the last 





On the concave (pressure) surface, the streamlines would 
diverge. 
Modification of Momentum Integral Equation 
Kehl modifies the basic equation to obtain 
T. - 	+91 +  H +2 jQ 
dx Li 	4) 
where 1a' will be defined below for both the convergent and 
divergent case. 
Writing this in the dimensionless form with the blade 
chord as the reference, we obtain 
1  
-





Magnitude of 'a' in a Convergent Stream : 
This is shown by the sketch below. 
If u = axial component of velocity 
then 	 = k, the axial velocity ratio. 
= a a - 
n 	a-c 
I 
. 0 . a - c)k 	a a 
i.e. a(l. - k) 	= - 
••. 	a 	= 
k-i 
Magnitude of a in a Divergent Stream : 
The sketch illustrating this is shown below. 
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Here-!!i= 	m= a 
V. 
i.e. 	k(a + c) 	s a 
a(k-1) 	= -icc 
.. 	a 	icc 
1-k 
If 'a' is defined as a = icc , then it automatically turns 
1-k 
out to be the bor'rect magnitude and sign in aU oases. 
Thus in equation (Iv) above if 	 ía replaced by k , 
1-77 
the momentum thickness can be calculated. 
Determination of local Values of 'k' 
It should be possible to determine 'local' values of 'k' 
by measurement from the actual streamline pattern on the blade 
surfaces as indicated by the film deposit method. 
Suction Surface. 
Now k for any given blade span 21 = m- n 
FL.a1,.. - - 
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Thus k may be determined for various values of 1. A plot of 
k vs 1 could look somewhat like 







The flow pattern would look something like the sketch 
below. 
FLOW-  - 
Similarly, for the pressure surface a plot of 1< vs 1 could be 
1 . 0
1 o 	 1 	5 10.v%/2. 
Extrapolation to centre section. 
Thus 'local'k may be determined and substituted in Equ. IV above. 
Closure 
The predictive methods discussed in this section were 
applied to the readings obtained from the experimental program. 
(Sections 3.2, 3.49 3.5 9 and 3.6.) and the results compared with 
those obtained from Section 3.3 of the experimental program i.e. 




24 	EXFERIMEIAL APPARATUS 
2.1 	MD TUNI\'EL AND CASCADE SECTION 
The design and construction of the wind tunnel is des-
cribed in detail by Kelly , but Yig.Z.1.1 shows the essential 
features and dimensions, The tunnel is fed by a 1.216 m, centri-
fugal fan with a maximum capacity of 13.6 m 3/,, the blades being 
arranged as a radial flow rotor. Variation in quantity flow rate 
is achieved by fan speed control; the driving motor is 45 kw with 
a Ward Leonard drive. 
The design and construction of the cascade section is 
also described in Reference 17. This bolts onto the 3 ft. (0.9144 m) 
square exit from the wind tunnel, and has been designed so that the 
roof and floor remain parallel at all angles at which the cascade 
section may be required to operate. At cascade settings which 
require the distance between roof and floor to be considerably 
smaller than the inlet section height, spring loaded sealing flaps 
are provided which prevent the air flow from deviating from the 




BLC F1011>9  
The relation between the working section geometry and 
the cascade angle is discussed in Section 2.3.3. Other problems 
which arise from this design, and the way they were faced and 
solved is discussed in Section 2.4. 
The general arrangement of the wind tunnel and associated 
equipment is shown in Fig. Z. 1.2. 
2.2 	CASCADE BLADES 
2.2.1 Introduction 
The use of cascade blades in experimental work, as a sub-
stitute for the very much more complex and expensive turbomachine 
itself, is an accepted limitation. To apply wuch results to the 
flow in a turbonachine, cognizance must be taken of high turbu-
lence levels, contraction of mainstream flow due to growth of boun-
dary layers on the walls of the tunnel, and the effects of swirl and 
rotation. 
2.2.2 Construction and Instrumentation of Blades 
The non-instrumented blades are moulded in 'Araldite' with 
a brass rod embedded a third of the chord length from the leading 
edge and projecting out at the ends of the blade-span so that the 
blade can be clamped at any desired stagger angle. The rod is 
centrally positioned with respect to the auction and pressure sur-
faces. 
The central blade is the instrumented one and is constructed 
as follows: 
The central portion of the blade consists of a solid 
brass strip, approximately 5 mm wide and finished to the required 
C4 profile. Into this strip 0.2 mm diameter tap orifices are 
drilled, numbering 14 on each aide. The holes are positioned so 
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that there are more holes in the first and last third of the blade 
chord, so that more information is available about these areas where 
pressure peaks and separation can occur. In line with these tape, 
holes 1 mm diameter are drilled into the side of the brass strip, 
at right angles to the pressure taps. Care is taken to ensure that 
no burrs obscure the tape, by running a drill down the 0.2 mm diam-
eter holes to clear them. 
Small bore nickel tubing is now brazed into these holes in 
the side of the brace strip, and the tubes collected into bundles 
and led away at the blade span-ends. This assembly is then placed 
in a mould which has carefully been finished to the correct profile. 
The blade taps are covered by tape so that when 'Ar'aldite' is pour-
ed in the holes will not be filled in. After the '.Araldite' has set 
the blade is hand finished to the correct profile, of which the 
brass inset is the prototype. 
There are two reasons why a brass inset is of particular 
use in the present work : 
(i) 	a fine finish is guaranteed immediately either 
side of the central streamline, along which hot-
wire traverses are made. 
(2) 	the polished surface makes the judgement of wire 
to blade-surface distance easier. 
Before the blades are assembled in the cascade, stripe of 
emery paper are stuck to the end face of each blade, so that when 
the locking ring is tightened the blade is held firmly in the 
desired position. 
Instrumentation : Plastic tubing is fitted from the instru-
mented blade to a 'junction block', and further tubing leads from 
30 
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the 'junction 	to a manometer bank. The junction block 
consists of a number of brass spigots which have been turned to the 
appropriate diameters to take the small bore plastic tubing from 
the blade tappings at one end and the larger bore plastic tubing 
from the manometer at the other. The spigots are then drilled and 
brazed to a plate to form the 'junction block'. Thus when changing 
the instrumented blade it is not necessary to remove all the 
plastic piping, but only the short lengths from blade to 'junction 
block'. 
2.3 	BLADE AND CASCADE PARAITiRS 
2.3.1, Blade Section 
The blades chosen for these tests were of section 
10C/30050 and 1OC4/50050; the 200 difference in camber was chosen 
so that similar blade loading could be achieved at different 
incidences, while keeping the distance between tunnel floor and 
roof within the same range as before. 
2.3.2. Stagger and incidence 
(i) 	for 10C4/30050 section. 
For these blades, the stagger was set at 300,  because 
it was shown that at an incidence of + 10 0 the flow began to 
separate from the auction surface of the blade fairly close to the 
trailing edge, indicating maximum blade loading. Increasing the 
incidence further may not necessarily have stalled the blade, but 
calculation of boundary layer momentum thickness would have be-
come progressively more inaccurate because of severe separation. 
(2) 	for lOC4/50C50 section. 
Initially the blades were set to a stagger of 100 and 
the cascade set to give an incidence of O c . A note was made of 
the static pressure distribution on the instrumented blade. 
This was repeated for incidences of 10 0  and 200  
The blade stagger was then changed to 200  and the incidence 
again set for O, and the blade static pressure distribution noted. 
This was repeated for incidences of 50  and 100. 
Results 
The blade static pressure readings are not here presented 
in the normal pressure coefficient vs 'dimensionless distance' 
along chord • Instead the manometer reading is just plotted as it 
looks in practice with the datum to indicate the extent of pressure 
or suction achieved (Fig. 2.3.3.). This enables the use of the fair-
ly straightforward criterion of the levelling off of manometer read-
ings to indicate reduced lift and high blade loading. 
For a blade stagger of 100  it can be seen that at an 
incidence of 00  the blade is producing lift all along its length. 
When the incidence rises to 10° , the efficiency of the suction 
surface begins to fall off at about 75% chord, indicating separation 
at approximately that position. When the incidence is raised to 
2009 the flow was severely unstable and no readings can be obtained, 
the manometers 'jumping' violently. 
Changing the blade stagger to 20 0 and testing at an 
incidence of 00  produces a normally loaded blade. At an incidence 
of 50  the efficiency of the suction surface begins to fall away at 
about 80% chord. When incidence is raised to 10 ° the blade stalls, 
separation occurring at about 40$ chord. 
Coclus ions 
The choice of whether to use a setting of stagger angle 
of 100  or 200 , is seen from the plot of manometer readings to be 
either to use 
(i) 	a stagger of 10° with an incidence of 10°, or 
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(2) 	a stagger of 200 with an incidence of 
50 , 	 33 
to produce roughly the same effect. That is, to load the blade 
sufficiently to produce separation at 	chord. At either 
setting the value of the angle of inclination of the cascade to the 
horizontal ( 	) is over 400 . The effects of suction on the tunnel 
wall static press distribution at various values of is discussed 
in Section 2.40. 
It was decided to use a stagger of 200  and test the 
cascade at varying angles of incidence up to a maximum of 
50,  this 
being the value at which predictions of B.L. growth should begin 
to deviate significantly from measured growth over the last 1/5 
of the blade, because of the inability of the predictive methods to 
cope with separated flow. 
2.3.3. Relationship between the working section geietry 
and the cascade angle 
It is necessary to ensure that some uniformity of tunnel 
geometry is maintained when blades of different camber are tested 
at various angles of incidence. To atteni.pt to achieve this the 
cascade section was set at varying angles to the horizontal, and the 
height between tunnel working section 'floor' and 	measured. 
Distance A was the height between the top and bottom 
faces of the working section superstructure which remained constant. 
As the angle 	was varied, the distance between the roof and 
floor changed, and to avoid removing the cascade it was necessary 
only to measure the distances B and C. The dimension D was also 
constant, being the thickness of the 'Tufnol' used for the con-
struction of the cascade and working section side walls, floor 
and roof. Thus the required height H was obtained, as shown in 
the table of values below. 
degrees A mm B mm C mm 2D mm Hi..A-(B+C+2D) mm 
30 988 294 293 25.5 a 375.5 
324 285.5 282 = 395.0 
314 274 266.5 = 4.22.0 
37 267 256.5 a 439.0 
41 247 234. = 481.5 
44ff' 230 216 = 516.5 
451, 206.5 192 = 564.0 
524- 193 179 a 590.5 
55 182 167.5 = 613.0 
58 171.5 157.5 = 633.5 
61 988 160 147 25.5 = 655.5 
The working range of 	for these series of tests was 
353 to 524- degrees. 
3' 
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2.3.4 cascade Geometry 
The physical size of the cascade is limited by the fact that 
the working section has been designed by Kelly for use mainly in a 
turbine configuration. It is possible, however, to use a space/chord 
ratio of 0.839 and to achieve the minimum of 7 blades which is cur-
rent British practise. The width of the working section is, how-
ever, only 12 in. ( .305 m) and thus to use a blade of chord 
6 in (.1525 m) means an aspect ratio of only 2, which is lower than 
that generally used. However, it is considered that this dis-
advantage is offset by the 5O increase in chord over that obtained 
with an aspect ratio of 3, and makes measurements with a hot wire 
anemometer probe easier. 
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2.4 	CASCADE PROBIMS 
The basic design of the cascade is suitable for both turbine 
and compressor cascades, provided that suitable suction facilities 
are available for the tunnel wall boundary layers • All that is 
necessary for the tests reported here is to modify the section 
carrying the blades and also the end pieces through which suction 
is applied. These end pieces are shown in Fig.2..12.a general view 
of the whole apparatus, where suction pipes can be seen leading 
to a centrifugal fan. 
2.4.1. Control of - Tunnel-wall Boundary Iyers 
One of the major problems encountered in cascades with low 
aspect ratio (spaidchord) blading and limited size of working 
section is the interaction of the tunnel-wall boundary layers and 








In Fig, co 	the tunnel wall boundary layer mires 
with the boundary layer on the outermost blades, producing a non-
uniform flow field and encouraging blade stall. Fig. () 	shows 
the effect of applying suction to a slot just upstream of the blade, 
where the amount of suction is just sufficient to remove the 
tunnel wall boundary layer. The evidence that this has been 
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achieved is seen in the distribution of the static pressure readings 
Just upstream of the cascade. For uniform flow into \the cascade the 
static pressure levels should be approximately uniform. 
The degree of suction for the tests reported here is 
varied by adjusting a 'butterfly valve' in each of the suction 
pipes. Suction is provided by a high speed centrifugal fan with an 
impeller of 0.635 m diameter, driyen by a constant speed 15 kW motor. 
Plastic piping of 63.5 mm diameter is connected by hose clips bet-
ween the plenum chambers at both ends of the cascade section and the 
twin suction pipes at the fan inlet diffusers. 
The success of this method of boundary layer control is 
discussed in Section 2.4.3. 
2.4.2. Attainment of Uniform flow into Cascade 
When the angle of the cascade section ( 's') is varied, the 
height between the tunnel floor and roof varied considerably, as 
does also the gap between the 'trailing' edge of floor and roof and 
the and blades in the cascade. To minimise the effect of this 
latter variation on the suction of the tunnel wan boundary layers, 
the eascade section angle 	is set at values from 300  to 600 in 
increments of 
50, 
 and the distance from the trailing edge of floor 
and roof to the leading edge of the nearest blade is measured. 
These distances can be expressed as x and y co-ordinates as shown 
in the sketch below. The distance y is considered positive in the 
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The values of D. and x and y for both the upper and lower 
blades, are tabulated below for the various settings of the angle 





60 767 40 .4 23 +4. 
55 770 40 -12 20 +15 
50 772 40 -23 17 +21 
77 20 -34 12 +32 
40 777 38 -43 8 +40 
35 781 36 -514 3 +47 
30 7E4 29 -66 1.5 +52 
By using the figures in this table it is possible to make 
allowances for the variation in x and y, by positioning the cascade 
so that approximately equal suction is obtained from both floor and 
roof of the tunnel. This position is not far removed from that 
where equal gap was obtained between roof trailing edge and upper 
blade and between floor trailing edge and the 'lower' blade. 
To achieve the necessary cascade movement, it was decided 
to construct a simple gauge on the side of the wooden blocks to 
which the cascade section is clamped. The gauge is shown in 
Pig. 2. 1 .2.and is used as follows : The pin to which the plumb 
bob is attached is in line with the highest point to which the 
cascade can be moved relative to the cascade support mechanism 
(in which position those tabulated readings were taken. From 
the table it is known how far from this extreme position the cascade 
must be set for optimum boundary layer suction from floor and 
roof, and this is achieved by laying a straight-edge horizontally 
from the required vertical distance below the pin, and moving 
the cascade to coincide with this position. This is shown in 
sketch Fig. 
For a required movement in the vertical direction of, 
for example 40 nun., the position of the arrow A on the cascade 
side wall must be moved to A, where the straight edge indicates 
this new position. 
The use of the simple gauge described above does not 
however solve the problem completely, for the gap x varies con-
siderably for the lower blade, and slightly for the upper blade. 
This was largely overcome by making thin metal plates which 
could be moved backwards or forwards in the x direction from the 
trailing edge of floor and roof thus enabling moderate control 
of the ap necessary for suction equalisation (See sketch 
'ig. 2.4.2. (6). 
To check that both these devices produce the desired 
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effect, it is necessary to cheek the variation in tunnel wail static 
pressure tappings just ahead of the blades, to make certain the 
distribution is as level as possible i.e. correct suction of and 
wail boundary layers. 
2.4.3. Ef'fects of Suction et Cascade J1A5 
In Section 2.4.1. (Control of Tunnel Boundary layers) 
the reasons for boundary layer suction for compressor cascades 
are briefly discussed. It was decided to conduct a series of teats 
to determine the effect of osacade-end suction on the static pres-
sure distribution along the working section, while varying the clear-
ance between the 'trailing edge' of tunnel floor and roof and the 
leading edge of the adjacent blade. 
At cascade section angles ( '?S' ) of less that 400 , the static 
pressures in the working section fluctuated wildly in the absence 
of cascade end-suction. This instability is presumably due to the 
flow separating and reattaching itself to the floor and roof, and 
this occurred at a frequency of 3Hz. Results of tests at 
angles of '' = 30° and 	' = 350 with suction are shown in Fig 
2.4.3. (a) and (b). 
Vhenwaz increased to 400,  the flow was not unstable in 
the manner described above, and readings with and without auction 
were possible, at values of of 400, 45 and 50°. 
Position of pressure tappings : The seven tappings just up-
stream of the blade cascade are all g chord upstream, the control 
tapping is directly upstream of the instrumented blade, and the 
others are at 76 mm (3 in), 152.5 nun (6 in) and 305 mm (12 in) 
either aide of the central one. 
Tappings 8, 9 and 10 are arranged so that tapping 9 is 
in line with the instrumented blade, and 8 and 10 are spaced 
approximately 250 mm above and below 9. 
Tappings 11, 12, and 13 are also in line with the instru-
mented blade; the spacing between 9 and 11 is approximately 355 win, 
and between 11 and 12 and also 12 and 13 is approximately 305 mm. 
Results : The results are presented in pictorio-graphic 
form for convenience, each reading being expressed in inches of 
water gauge above or below the datum reading taken with zero flow. 
(Figs. 2.4.3. (a) to (e)) 
The pictorial aspects of the figures are not to scale; the 
static pressure readings are however * scale. 
The following factors emerge from a study of the diagrams: 
As the cascade angle K is increased, maximum suction can 
eliminate the static pressure gradient, especially at the cascade 
V upper end, but at o> 45 
0 the gradient is beginning to increase 
again at the upper end, this time in the opposite direction. This 
may indicate that auction improves as Y is increased from a 
minimum, but becomes less effective when ' exceeds a certain 
value, because as ' increased the distance between tunnel floor 
and roof also increases, the boundary layer becomes thinner and 
hence sucking away this boundary layer may become too effective. 
It is also clear that at values of 	) 50, that the 
application of suction has very little effect on the static 
pressure distribution, indicating that the tunnel configuration 
is such that there is no separation of the floor and roof boundary 
layer. 
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3. 	Boundary layer suction at the cascade ends does not sig- 
nificantly Alter the static pressure far upstream, where the 
negative slope is due to the convergence of streamlines near the 
working section entry. 
2.5 	TRAVERSING MECHANISM 	DESIGN & DEVELOPMENT 
2.5.1. Possible Alternatives in DesifZ  
For any mechanism that is to be subjected to wind speeds 
of the order of that used in this report, approximatly 35 nv's, if 
delicate and precise measurements are required, rigidity should 
be important if the whole superstructure is placed in the air 
stream. Thus the choice lies between a massive structure placed 
in the air stream and as far away downstream from the cascade as 
poesibl, to minimise interference with the flow pattern being 
studied, and a moderately heavy, braced structure mounted outside 
the air stream, with just the probe support projecting into the 
air stream. The latter alternative was chosen because it gave the 
advantage of easy adjustment when changing angles, by mounting 
the braced structure on the side of the cascade section itself. 
2.5.2. Design and Construction 
The basic requirements for a traversing mechanism of this 
type should include : 
Traversing movements to be at right angles to one another. 
Extremes of angular setting should encompass the range of 
angles envisaged for experimental work. 
The incremental movement of either traversing slide should 
have a nominal value of .001 inch (approximately 25 pm) 
at the least. 
There were available a number of traversing mechanisms 
which consist of a micrometer head mounted in a brass block which 
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slides along two parallel bars. A second brass block which also 
slides along the same bars can carry any device which needs to be 
precisely positioned with respect to the block containing the micro-
meter mechanism. It was decided to modify two such traversing mech-
anisms by incorporating them into a traversing gear which would sat-
isfy the basic requirements just listed. 
Attai.nment of Traverse at kit Angles 
The mech*ntwm for traversing in the y direction (at right 
angles to the blade chord) was fixed to two boxed section canti-
levers which were in turn fixed to a base plate which was adjust-
able as shown (Fig. 2.5. Z. to.). 
W. now had to ensure that the uprights were not flexible 
enough to allow vibration to destroy the possibility of accurate 
measurement near the blade surface. To do this the top of the 
uprights were braced by fixing a plate between the top and one of 
the box-sectioned cantilevers as shown, (Fig. Z. S. 2. 
The technique of traversing in the x direction (along the 
blade chord), and thus at right angles to the previous movement, 
was achieved as follows : 
The whole x-traversing set-up was fixed to the upper 
brass sliding block of the y-traversing mechanism s by screws 
which had sufficient clearance in the support bracket to ensure 
that movement could be set at right angles • This is shown in 
Pig. 2.5.2.. cc-) 
Des ii and Development of Probe Support 
The probe support had obviously to be fixed to the indexable 
brass block on the x-traversing mechanism. However, its design 
had to be such that 
1. 	the mini mum amount of blockage 1s obtained i.e. least 




	adjustment of probe tip relative to the probe support is 
simply achieved, 
augment of probe axis should be alterable to maintain 
movement along the central streamline of the blade 
movement of the probe tip (the plane of the hot-wire itself) 
should be as little as possible. 
The initial attempt to meet the design criteria was that 
shown in the next sketch (Fig. 2.5. 2. &i) 
The probe support has a symmetrical aerofoil-shaped cross-
section, and is slotted at the points where screws hold it in 
position on the brass block. Bracing was attempted as shown. It 
was found that this arrangement was suitable for wind speeds of up 
to about 20 m/'s (giving Re c = 2 x lOs ) but for wind speeds in 
excess of this, the vibration at the outer end of the aerofoil-
shaped support was unacceptable, producing a vertical movement of 
about 0.5 mm ( approximately .020 inch.) at the probe tip. It was 
therefore decided to modify the device as shown in Fig. 2.5.2.e) 
The extra support along the length of the probe gave the 
stability required at the probe tip, bit the second aerofoil-
shaped support produced a periodic flutter at the outer end, in 
the y plane of the probe • This phenomenon is thought to be due to 
the interaction of the vortex streets downstream of the aerofoi]. 
sections. 
Because the basic vibration problem had been cured by the 
new Obi-plane' support, it was decided to keep this design but to 
prevent the periodic flutter in some other way. This was attemp-
ted by adding a constraining plate which was clamped to the ad- 
justable base plate as indicated in Fig. Z. 5. 
However, this solution introduced its own associated die-
advantage, viz, during clamping it was discovered that the final 
constrained position could not be maintained to any acceptable 
degree of accuracy; clamping, releasing and re-clamping changed the 
y-ordinate. To ovorcoine this the Obi-plane' support was modified 
as shown in Fig. 2. 5. 2. çç , and a simple wooden wedge between 
the cascade side and the traverse support slides was found to reduce 
vibration to an acceptable level whilst curing the periodic flutter. 
The basic design requirements had now been met, and the 
amplitude of vibratory motion at the probe support and tip had been 
reduced to less than .05 mm (approximately .002 inch). It was 
considered that with this type of traversing mechanism, it would 
not be possible to reduce the amplitude of tip vibration any 
further without adding so much extra weight that what would be 
gained in further rigidity would be lost in inaccuracies in the 
traversing plane relative to the true y-plane, as sketched in 
Pig. 2.5i2(ii) 
In the Peterson report, distances traversed in the y-plane 
are recorded to the nearest .001 inch (approximately 25pm). 
It is clearly not possible to claim this accuracy with 
any traversing mechanism employing micrometer-threaded devices, 
unless calibration figures are available based on slip-gauge 
calibration. 
The completed traversing gear is shown in Figs. 2.5.3. R 2.5-.4 . 
Pig. 2.5.3. 	shows the two sliding traverses set at right angles 
to one another, and also the micrometer devices for incremental 
movement. Fig. 2.5.4. indicates how the probe itself lies in 
the airstream, and how the curved prongs enable the leading edge 
of the blade to be approached from the suction side of the blade. 
45 
46 
26 	H1' 7ThE PROBES 
The probe body was manufactured from nickel tubing 3/16 in, 
diameter, the body being either 250 mm (10 in.) or 300 mm (12 in.) 
long. One end of the tube is bored out to take an Araldite plug 
into which the hot wire supports or prongs are set. The prongs are 
made from steel wire approximately j mm. diameter, the profile 
being curved as shown below, this being necess&ry to reach the 
surface of the concave (auction) side of the blade. 
The hot-ire used is conunercially available .iol].aaton wire 
(silver-coated platinum), the core diameter being 0.0002 in. 
(approximately .005 mm.). This wire permits fixing to the prong 
tips by soldering, which provides a satisfactory bond at the rela-
tively low speed flow (approximately 35 rn/a) of these teats. The 
working fluid is also virtually uncontaminated with particulate 
matter, thus the soldered bond is quite strong enough. 
Etching was achieved as suggested by Bradshaw., the method 
being as follows : The probe body is held in a clamp so that the 
unetched hot-wire is within 2 or 3 nun from the end of a burette 
containing a ioZ solution of nitric acid. A positive potential of 
5 or 6 volts is applied to the two leads that are led away from 
the downstream end of the probe body. The circuit is completed by 
a wire from the negative terminal of the battery, the wire being 
placed in the diluted acid in the burette. Once the acid is re-
leased from the burette in a fine stream, the burette may be 
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deflected the 2 or 3 mm necessary to play the acid strem on the 
central third of the wire • Within 10 seconds the wire is suitably 
etched. Allowing the burette to return to its undefleoted position 
breaks the circuit and further etching stops • The wire immersed in 
the dilute acid should ideally be platinum, but it was found that 
PVC coated copper wire was adequate provided that it was removed 
from the acid after etching had been achieved. 
The soldering was initially undertaken by using the naked 
eye to estimate the proximity of the wire to the prong ends. This 
was found to be insufficiently accurate, repeatability within 
acceptable tolerances ('.l mm) being impossible to achieve. Sub- 
sequently, soldering was undertaken below a binocular microscope with 
a 20 x objective, and this magnification was found to be ideal, for 
it was low enough for hand movements not to be magnified excess-
ively, and high enough for soldering at the very tips of the prongs 
to be achieved with consistent accuracy. 
2.6.1. Hot Wire Calibration Rig. 
The calibration wind tunnel is fed by a constant speed 
centrifugal fan, with 0.4 n diameter impeller, driven by a 5.6 kW 
motor. The impeller feeds air vertically into a plenum chamber, 
then exhausts horizontally through a 127 mm diameter duct, 
approximately I m long. A clinometer is used to ensure that the 
duct axis is horizontal. 
When calibrating the hot-wire, a standard method is adopted 
i.e. a pitot-etatio tube is placed alongside the hot-wire and 
simultaneous readings of D.C. voltage and dynamic head in mm water 
gauge are taken over the working range of the calibration tunnel 
(5mm - 150 mm water gauge). 
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27 	EQUIPVENI' FCR ANALYSING SIGNALS 
2.7.1. DISA Constant-Temperature Anemometer 
The anemometer available in the Mechanical Engineering 
Laboratories is the DISA CTA type 55A01. This apparatus is va]e 
based and was built about a decade ago. Provision is made for the 
use of a lineariser if necessary, and square wave teats with the 
aid of an oscilloscope enable a check to be made of the stability 
of any wire being calibrated. Suitable noise filters are also 
available to out off the noise generated at frequencies above 
those found in the turbulence signal. 
There are two voltmeters incorporated in the CPA, one read-
ing DC bridge-voltage and the other RMS AC voltage. 
At one stage during the experimental work, it was noticed 
that while hot-wires were being calibrated, the CU was not able 
to maintain the DC bridge-voltage constant, the level falling 
steadily all the while at any one wind velocity. While this fault 
was being rectified, a DISA CPA type 551)01 was borrowed from a 
neighbouring College and experimentation continued but with slight 
modification, discussed below. 
2.7.2. External Voltmeters 
In addition to the built in DC bridge-voltmeter, the 
bridge voltage was also monitored on a Solartron Digital Volt 
Meter type LM 3402 0 which is obviously more accurate when turbu- 
lence levels are low eg* in the laminar boundary layer or the main-
stream. However for taking mean readings in regions of high turbu-
lence the built in DC meter was easier to read. 
The B.MS AC voltage was read on the voltmeter integral with 
the CPA type 55A01, but when the 55D01 is being used it is necessary 
to use an external RMS voltmeter. This is because the type 551)01 
is a solid-state CTA which has been designed so that auxiliary units 
are 'plugged in' for whatever functions are required. Thus on this 
type there is no built-in RMS voltmeter, no provision for square 
wave testing or noise filters. However a Hewlett-Packard type 
RHS voltmeter was used with the type 55D01, this being a more 
accurate and sensitive meter than the built in one on the type 
55AOl, 
2,7.3, OeoilloscoDe 
The oscilloscope was a Solartron CD1400 , and was used 
for obtaining two sets of information, 
As explained above it was used concurrently with the CTJ 
type 55A0]. for square-wave analysis of wire stability. 
(2) 	The more frequent use was as a qualitative monitor for 
turbulence intensity levels. In conjunction with the RIAS 
voltmeter it is possible to obtain a very good picture of 
large scale turbulence. 
The general arrangement of the instruments used and their 
position relative to the cascade and traversing gear is shown in 
Fig. 2.7.1. 
2.8 	EEASUREMEN OF FLOYI PARAEERS 
2.8.1. Upstream Velocity and Flow Direction 
The velocity is measured in two ways : 
(1) 	A pitot-static tube which is oonneet$d to a TEN manometer 
calibrated in Hunth"eths of an inch of water (i.e. approxi-
mately 0.25 mm of water). 
A pitot yaw tube which gives the total pressure and also 
ensures that the pitot faces directly upstream. 
The actual direction of the upstream velocity is determined 
by using a separate yaw-meter positioned in the tunnel wall opposite 
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the two other pitot tubes • This yawmeter has previously been not 
up in a calibration tunnel and the external pointer lined up hori- 
sontally as accurately as possible with a clinometer. Then transfer-
red to its working position in the side wall of the tunnel cascade, 
this pointer is aligned with a protractor to give the necessary wind 
direction (See Fig. 2..I.) 
2.8.2, Upstream Turbulence 
The upstream turbulence is measured by using the hot-wire 
probe and placing it one chord upstream, and taking readings of 
A.C. and D.C. voltage. The turbulence is calculated using the 
equation 
Z Turbulence z 100 x VRM$ x 4.V 
V2 7 2 
0 
where V z bridge voltage, and V0 = bridge voltage at zero 
flow velocity. 
This equation is derived from King's law and the derivation 
is given in the DIS& handbook. 
The actual value of upstream turbulence was approximately 
0.3%9 and this figure was also representative of the % turbulence 
of the mainstream flow through the cascade. 
2.8.3. Downstream Velocity ad Flow Direction. 
The downstream yawuieter is of the type which includes a total 
pressure tube between the two yaw-tubes. This is mounted in e 
protractor which is incorporated in a mechanism of the same type 
as that used for the traversing mecKanlem, The tubes from the three 
limbs are led away to an inclined manometer set at 30° to the hori-
sontal. 
The probe is traversed across the plane between two blade 
trailing edges at a distance of approximately one ohordlength away 
from the cascade exit. This enables a mean reading to be achieved. 
.1 
3.0 	EXPERIMENrAL PROGRAM 
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The experiments were carried out in the variable inlet 
angle, low speed cascade tunnel described in detail in reference 17. 
The cascade consisted of seven blades with the British C4. section, 
0.1524 m (6 inch.) chord and 0.304.8 n (12 inch.) span, The space/ 
chord ratio was 0,83, One set of tests was conducted with 10 C4J 
30 C 50 blades set at a stagger angle of 300, and the other set 
conducted with 10 C4./50 C 50 blades set at a stagger of 20 0. With 
standard air properties and a vector mean velocity of approx, 34. 
m/s, the Reynolds number was approx 34 x 105 0 
3.1 	CHOICE OP TRAVERSmG. TECIQUE 
To measure the velocity at a specified chord position and 
at a desired distance from the blade surface, there are basically 
two ways of achieving this with the type of traversing mechanism 
developed for this test program, 
(i) 	The first method is to have a grid with the axes parallel 
to the standard orthogonal x and y axes • The grid can be a large 
sheet of graph paper, upon which the blade profile may be super-
imposed at any desired position. From predetermined chord positions 
(i.e. values) lines at right angles to the surface may be drawn, 
and then points every 0.25 mm (say) could be marked on these lines, 
commencing with zero at the blade surface, Mach of these points 
would be identificable on the grid by the x and y co-ordinates, and 
the traversing gear could be adjusted to achieve any desired posit-
ion. This method does however suffer from a major disadvantage, 
and that is, for certain incidence and stagger configurations it 
is not possible to traverse at right angles to the blade surface 
without disturbing the initial vertical-horisontal position, thus 
invalidating the technique. 
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complete traverse possible 	complete traverse impossible 
(2) 	The method chosen also uses graph paper with the blade 
profile superimposed, but relies on the use of the blade trailing 
edge as a base point from which to take all measurements • In this 
way the angle is found at which the previously vertical traverse 
slide has to be set in order that the hot-wire may move at right 
angles to the blade surface. The traverse gear support was 
therefore designed so that the normally vertical traverse could 
be varied from 35
0 	 0 to the horizontal to approx. 5 past the 
vertical, i.e. a range of &f, This range is sufficient for the 
series of tests undertaken, Details of the traverse mechanism 
can be seen in Fig. 2.5.3. 
3.2 	ASURETS OF FLOW AMLEE AND VELOCITY 
The equipment is as described in Section 2.8, the inlet 
flow angle is indicated by a protractor and the velocity 'head' 
read off a differential pressure manometer. .he outlet flow angle 
is also indicated by a protractor and the velocity 'head by a 
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manometer bank inclined at 300  to the horisontal. 
The cascade section angle (') is set by placing a 
clinometer on the cascade side wall. The blade stagger angle (>) 
is set by using an adjustable square in conjunction with a clinometer. 
3e3 	VELOCITY PROFILE 	AStJREMES 
The hot-wire is placed initially at the trailing edge of 
the blade, 0.015 in or 0.020 away from the blade surface. A note 
is made of the DC voltage, and the oscilloscope trace observed to 
check qualitatively whether the flow is lamln*r or turbulent at 
that point. Readings of DC voltage are taken at increments varying 
between .005 in and .025, as the probe is traversed at right angles 
to the blade surface, away from the initial point. When velocity 
is constant, i.e. that of the mainstream, this is clear from two 
sources; the DC voltage reaches a maximum, and also the oscilloscope 
trace is found to be at minimum amplitude, approximately the same 
as the upstream turbulence level. This is confirmed by comparing 
the R3 AC voltage at the edge of the boundary layer with the 
upstream IMS AC voltage. 
The whole procedtre just outlined is repoated at inter-
vals of chord of u 0.1, until a chord position of Z = 0.1 
is reached. 
3.4 	BLADE PROFILE STATIC PRESSURES 
The instrumentation for obtaining blade static pressures 
is described in Section 2.2.2. Readings are taken before and 
after the velocity profile measurements discussed above, and 
the average reading used to calculate Cp 1 , the pressure coef-
ficient. 
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3.5 	ESTIMATION OF TRANSITION POINT 
There are a number of methods commonly used to determine the 
point of transition 
is 
 , from laminar to turbulent flow, and it was 
thought initially that the following three methods would be used 
Flow visualisation 
Hot-wire and oscilloscope 
Stethoscope. 
Flow Visualisation 
This method relies on the feet that in a turbulent boundary 
layer there is a much more rapid transport of elements of mass in 
a direction normal to the flow, than in a laminar boundary layer. 
The surface of the blade (which should have a matt black finish) 
is sprayed with a uniform coating of china clay or some other simi-
lar substance. Just before teetingoommenoes the surface is then 
sprayed with a volatile liquid which will evaporate readily in the 
air stream. Evaporation takes place more rapidly in the regions 
of turbulence, thus the liquid which has made the china clay trans-
parent, upon evaporation discloses the opacity of the clay in the 
turbulent region. The lamina r region remains dark and the line 
of demarcation indicates the transition line. 
It is found, however, that this technique requires con-
siderable experience to produce results which may be relied upon 
for repeatability in accuracy. It was decided, therefore to use a 
hot-wire probe. 
Hot Wire and Oscilloscope 
In this method, use is made of the difference in turbulence 
levels between a laminar and a turbulent region. The hot-wire is 
'aduaUy traversed downstream along the surface of the blade at a 
distance of approximately .020 in (4 mm) from the surface, until 
the oscilloscope trace indicates the first traces of instability. 
This traversing is continued until it is estimated that fyily turbu-
lent flow has been established. 
There is no hard and fast rule for deciding when either of 
theae two positions has been reached, but when a movement either 
way along the chord shows up on the trace as a distinct change of 
amplitude, the mean position may be assumed correct to within the 
limits imposed by the choice of gap between hot wire and blade. 
(see Section 3,7.4,) 
Stethoscot 
This technique gives approximate results only, because the 
physical presence of the sensor tube changes the flow pattern just 
ahead of it, thereby hastening the onset of turbulence. However, 
the method is used in the present series of tests to provide a 
check on the results obtained by the hot-wire technique. 
The normal end of the stethoscope is removed and replaced 
by hypodermic tubing (1 mm. o.de tube is found suitable) which is 
soldered or brazed to a brass plug which replaces the original 
'transducer'. With the stethoscope worn quite normally, the 
hypodermic tube (slightly flattened in this case) is traversed over 
the blade, starting in the 'noisy' turbulent boundary layer and 
slowly moving upstream along the blade until the 'quiet' lmIns.r 
boundary layer region is reached. This is of course carried out 
over the central brass section of the blade, as is also the hot-
wire traverse when estimating transition. 
3.6. 	STRELI CONMOME AND DIVERGENCE - 3 DI?SIONAL 
PLOW 
To study the behaviour of streamline flow adjacent to the 
blade surface, it is usual to employ some form of flow visualisation 
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technique. The particular film used was a suspension of titanium 
dioxide in paraffin, which is relatively simple to administer. The 
film is brushed onto the blade surface with a soft paint brush, and 
when the flow of air evaporates the paraffin, the remaining streaks 
of titanium dioxide indicate the direction of streamline flow near 
the blade 8Urf'aoe, 
The streamline behaviour pattern thus obtained may be util-
ised in the estimation of boundary layer growth as calculated, 
using the Grusohwits-Kehl method (See Section 1.4.8.) by enabling 
a local value of t]C  to be calculated, 
3.7 	ACCURACY OF 1LASUREMEIS 
3.7.1. Zlgk and F low p3p 
By using a clinometer it is possible to set the blade stag-
ger and cascade angle to within 5' of the desired figure, and with 
the protractors the flow angles can be read to within V. However 
it must be realised that the various angles to which blades and 
cascade were set, are read off from a 2:1 scale drawing of the 
blade profile, and this itself could introduce an error of approxi-
mately V. 
307,2, Velocity Irotile 
The tip of the probe and the hot-wire itself are brought 
to within .020 in (approximately j mm) of the blade surface, this 
distance being checked by placing a .020 in feeler gauge alon,ide 
the probe tip, and observing the two levels with a magnifying 
glass (x 2), This technique is clearly not as accurate as using 
a cathetometer, but as such an instrument was not available, the 
visual check using the feeler gauge was judged a suitable altern- 
ative. Any method involving the physical contact of probe and blade 
would prove disastrous to the fine etched wire, so that any 
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thoughts of using contact to make or break a small electrical oirciut 
with an indicator bulb is out of the question. 
The error in estimating the .020 in, was considered to be 
about .002, i... about 10% of the distance estimated. 
3,7,3. Blade Static Pressures 
The error likely to be introduced when reading the height 
of a column of water in a manometer tube of 10 mm bore is approxi-
mately one mm. Thus more than 1% error is unlikely when readings 
are over 108 mm, (approximately 4 inches), which is within the 
range of values of the suction pressure near the leading edge of the 
blade. On the pressure surface, however, readings are nearer 25 mm 
and hence errors of up to 4.% are possible. This would only occur 
however, under the worst conditions, such as encountered when the 
flow over the blade is such as to cause slight oscillations in the 
manometer fluid levels. 
3.7.4. Transition Point 
Hot Wire : M this ohordwize traverse is also carried out 
about .020 in, away from the blade surface, the magnitude of the 
error could also be .002 in. Ideally, however, one would like 
to go to within approximately .005 in. (approximately mm) of the 
blade surface, but it is not possible to maintain this figure 
because following the blade curvature consistently 5 'thou' away 
from it is not possible with the equipment as it stands. Some 
kind of template and follower mechanism would be necessary to 
achieve this objective. 
Stethoscope : This technique is not particularly accurate 
but it is relatively quick and is used mainly &3 a check on figures 
obtained by the hot-wire chordwise traverse. Accuracy could not 
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be expected to be better than 1/10 in. (approximately 2.5 mm) as 
it is difficult to estimate precisely when the B.L.*noise' changes 
from 1*min.r  to turbulent. The 'noise' merely decreases in inten-
sity as the hypodermic probe is traversed from trailing to leading 
edge of the aerofoil. 
3.7.5. Inlet andOutlet Flow Velocities 
The inlet velocity is measured using a standard pitot-static 
tube with an ellipsoidal tip. This is fairly insensitive to yaw, 
and up to approximately 15
0 
 yaw the maximum error in the ratio t 
(1) 	 Po due to misalignment is lees then l, 	. (vhere 	= ifferen- 
tiel pressure at p° yaw, and 	differential pressure at 
0 
yaw). 
The outlet flow velocity is measured using a combined 
pitot-yaw tube, and in this case the maximum error of the ratio 
(where p is now dynamic head) is less than 0.5 for angles of ro 
yaw up to approximately 150. 
3.8 	EFFECT OF VARYING AXIAL VELOCITY RATIO ON THE POSITION 
OF TRANSITION 
Introduction 
The bulk of the experimental work for this report is to 
indicate the effect that the inclusion of variations in k has on the 
prediction of boundary layer growth. It was decided that in addi-
tion to this it would be useful to mow what effect the variation 
of k would have on the point of transition. This could lead to a 
clearer view of the physical picture of the flow over the blade. 
Fperimenta]. Method 
The means of varying the axial velocity ratio was fairly 




PIPE TO LU65  
The plates may be slid over the exit of the cascade section 
thus reducing the exit area and resulting in a consequent increase 
in velocity because of continuity. The gap was varied from the 
normal width (i.e. blade span) of 12 in. in increments of r in, 
down to 9 in. This was done with each of the three settings of 
incidence, i = -2, 1. = +3 and i = + 10, for the 500 cambered blade. 
For each setting a value of k (the axial velocity ratio) was 
calculated from the cascade inlet and outlet flow angles and flow 
velocities. 
At each position of incidence and value of Axial Velocity 
Ratio k, the hot wire anemometer was used to ascertain the position 
of transition on both the suction and pressure surfaces of the 
blade (the details of the method are described in Section 3.5) 
14 .0. 	DISCUSSION OF RESULTS 	 60 
The results are presented in three sections, the first 
relating to the prediction of boundary layer growth, the second to 
the relation between the measured transition point and predicted 
values of laminar separation and instability point, and the third 
to the effect that varying the axial velocity ratio has on the 
point of transition. 
401. 	MOMENTUM THICKNESS a&owri 
CAJI1 3O 
The results are presented in the group of graphs numbered 
Fig. 1.1., couna.noing with the blade that is set at the lowest 
value of incidence i..* lightest loading. 
Ia1nar DMiLotlon $ At all values of incidence the pre-
diction of the 1"(nr portion of the boundary layer on the auc-
tion surface by means of the Wais (w) method is satisfactory, in 
most instances prediction being within 10% of the measured value of 
momentum thickness, 
On the pressure surface, at the lower values of incidence 
(1 • -2 and i a 0) prediction of the growth of the laminar boundary 
layer is rather poor, being as such as 100% inaccurate at certain 
points. In particular is this the case with the curves for i z -2. 
An inspection of the plot of static pressure distribution (Pig. 
4,2) vs /e shows that between x/c • .03 and 0.12 there is actually 
a region of suction. One explanation for this behaviour is the 
possibility of the formation of a laminar bubble just behind the 
leading edge. If this occurs then experimental readings taken with 
a hot-wire in this region would most likely be inaccurate because 
of the uncertainty of the flow direction within the bubble, as the 
hot-wire is not able to distinguish between upstream and downstream 
flow, nor for that matter between flow along or across a streamline. 
Thus the static pressure tap and the hot-wire could provide conflic-
ting information. Whatever the cause of the error, the effect is to 
produce high initial values of the predicted boundary layer, or low 
initial values of the measured boundary layer, for the slopes of the 
predicted and measured growth are very similar between r/o • 0.15 aM 
r/o - 0.49 The same phenomena is evident from the curves of 
laminar boundary lqu' growth at i - 0 1, P., but to a isseer extant. 
There is also the problem of what occurs near the point 
of reattachment of the flow after the laminar bubble. Bemuse of the 
changed apparent profile of the blade in this region, the flow win 
accelerate at a different rate, resulting in hot-wire readings that 
will differ from those obtained with no bubble in this region. 
The curves of boundary layer growth on the pressure surface 
at i a +7 and +10, are a special case, for the flow was judged to 
be l*m1nis all along the blade (ii hot-wire estimate rechecked by a 
stethoscope*) In both cases the application of W is reasonably sat-
isfactory, being seriously inaccurate only near the trailing edge 
at i a + 10. 
Turbulent Prediction s When we consider the prediction 
of the growth of the turbulent boundary layer, on the pressure 
surface the prediction is fair, the method of ?ruok.nbrodt (T) 
being sufficiently accurate, within 15% of the measured value of 
9 /c except for I • 2 where the overprediotion of the 1-minae' 
boundary layer gives the method of T a 'bad start'. The applies-
tion of the Grusohwits-Kehl method tends to predict that the 
boundary layer grows more rapidly than the T method • This is 
because the overall value of the axial velocity ratio k is 
invariably ) 1 9 thus not making allowances for the divergence 
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of the 3trear1ires on the pressure surface. This observation is 
substantiated by a look at the curves for 9  /C at I = +3, 
(309 39 P.) where the application of the 'local' value of k ((1) 
results in the Grusohwits Kohl (G-K) prediction being a slight 
improvement over the method of T. 
A consideration of the boundary layer growth as predicted 
by T on the suction surface of the blade shows that for lighter blade 
loadings (i - 40,00 and +3) the prediction is within 10% of 
measured except for the region near the trailing edge, between 
0.9 and 1.0, when the error is nearer 20%. At higher loading, 
predictive accuracy is poor for the last quarter of the blade, the 
error being over 25% at the trailing edge. 
The application of the G.X method using an overall value 
of k v.n.rally improves prediction of e. over the whole range of 
incidences resulting in an improvement reducing the error to Just 
below 20% at the trailing edge. 
Mm we apply the 'local' value of k in the G.K method to 
those values of incidences where the use of an overall value has not 
produced results that are acceptable (i * +7° and +100)  accuracy of 
prediction is improved sain, the error being about 15% compared with 
	
the measured 	value at the trailing edge. Also the value of 	at 
which prediction is within 10% of the measured boundary layer 
increases by approximately 10% of chord length. This improvement is 
achieved in spite of the fact that separation I. beginning to occur 
at the trailing edge,, an observation borne out by two pieces of 
evidence. 
the levelling off of the static pressure distribution 
curve after x/o 08 
the rapid mores., in the shape factor H in approxi' 
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mately the same region, the accepted value for 
separation of about Ii a 2.4 being .zs.ed.d between 
0.75 and 0.8. 
C&$BE1 50° 
Isrinar Pii&iction i With the increased value of camber, 
prediction of the l.ntl'mr portion of the boundary layer on the suction 
surfaces at all incidence. 1s still good, generally well within l 
of the measured value of .. 
C- 
On the pressure surface, prediction is again, as with the 
bud, with 30° camber, vesy unsatisfactory for lower ineidene.se But 
in this ass, the behaviour is the Opposite of the type discussed 
earlier, i.e. the measured value of . is greater than the predicted 
value because of the possibility of the (existence of a) laminar 
bubble indicated by the suction taking place near the leading edge - 
once again seen from the plot of static pressure distribution vs x/o 
for i - -7°. For higher values of incidence, the W.ls method produces 
acceptable results. 
Turbulent Fr.diction i As for the 300  ember blade the? 
method is generally fairly accurate for the pressure surface except 
for the lowest value of incidence (-70) where once again poor 
lauinar prediction results in the turbulent curve being of the 
correct shape but displaced by an almost constant amount. 
Applying the method of C.K to the prediction of bound-
ary layer growth on the pressure surface results in an overall im-
provement over T, particularly at the higher loaded settings 
__ (i u +3 
0 
and + 5c) where errors are only about 
On the suction surfaoe we note again the general improve-
ment that G-K gives over the? method, but because of separation - 
again indicated by a sharp rise in H - prediction once again becomes 
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poor for the higher values of incidence at value. of 	> 0.75. 
When the surface file deposit was used to establish 
values of the 'local' k, it was found that on the suction surface 
the convergence of streamlines was so severs that it was not 
possible to estimate k with an acceptable degree of accuracy. To 
illustrate this point, Figs .4.2.1 and 2. show photographs taken at an 
Incidence of 3 with the 30 cambered blade, and even here it is 
seen that convergence of the streamlines on the suction surfac* doss 
not make the estimation of k particularly easy. 
The greater cambered blade used for the second series of 
tests results in poorer prediction of boundary layer growth near the 
trailing edge on the suction surface at high loading. If we compare 
500 5, 8 with 30, 10 9 8 and note that in the first instance the 
flow is turned through 	40 whereas for the second case the flow 
is turned through 320, we should expect that on the suction 
surface the prediction is poorer on the blade of grater camber 
because of the difficulty the gas flow has in following the blade 
surface contour, thus resulting in a greater adverse pressure 
gradient leading to earlier separation. 
4.2 	TLANSITIL T4ENAB. SEPARATION AND IiA.BILITY 
.2.2. Transition Point 
The moan values of the transition point as estimated by 
stethoscope and hot-wire traverse, are tabulated in Table 2 9 along 
with the predicted laminar separation point and the predicted in-
stability point where these are applicable. 
It can be seen that, with one exception (i a +5 with 500 
camber), the point of transition on the suction surface mores to-
wards the leading edge as the incidence is increased, while on the 
pressure surface the transition point moves towards the trailing 
edge with increasing incidence, and in the cue of i a +7 and +10 	
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transition does not occur at all. This trend is what would be 
expected, for as the blade is more heavily loaded with increasing 
incidence, there will bee tendency for separation to occur on 
the suction surface near the trailing edge and gradually move for- 
ward as incidence is increased. Conversely on the pressure surface 
the favourable pressure gradient will cause the laminar boundary 
layer to stay stable for longer until at the higher values of in-
cidence transition occurs only near the trailing edge or even not 
stall. 
At the two highest settings of incidence for both cambers, 
the hypodermic tube on the etethoecope was moved forward from the 
trailing edge on the auction side, and it was found that the bound-
ary layer was separating at the points indicated in Table 29 i.e. 
little 'noise' was heard until thee, positions had been reached. 
The 'noise' than continued until at the transition point the bound-
ary layer became 'silent' again. 
4,2.2 	tejninar Setration and Transition 
The chord position () where the la,(nsi. boundary layer 
should separate was calculated using the methods outlined in Section 
1. Sohliohting states the rule that the point of transition lies be-
hind the point of minimum pressure but in front of the point of lam-' 
mar separation. The first of these criteria in clearly borne out 
by the figures in Table 2, but the second equally clearly conflicts 
with the results in the table. 
If we look at the figures in more detail, ther. appears to 
be no set pattern relating, for example, % error to the angle of 
incidence or blade camber. The first column in Table 2 in the 
measured point at which the onset of turbulence was first observed. 
This point was obtained from the mean of the readings obtained from 
the hot-wire and stethoscope. :%.comparison of these figures with 
those predicted as the point of la'i-*r separation, show that the 
differences lie between 2% and 18% of chord length • Moreover, these 
•t vi are randomly distributed, indicating that they are not like-
ly to be due to one factor alone, for if this were the case some pat-
tern would assert itself. As the values for the point of transition 
were experimentally obtained, and thus unlikely to be grossly in 
error, we are bound to conclude that our prediction of the laminar 
separation point must be in error. 
4.2,3. Instability Point 
Regarding the predicted instability point, it is observed 
that as the angle of Incidence increases, the minimum pressure point 
on the suction side becomes increasingly prominent and moves forward, 
whereas that on the pressure side becomes flatter and moves to the 
rear (Schliohting). This causes the point of instability to move 
upstream on the suction side and downstream on the pressure side. 
Yrom the static pressure distribution plot and the figures in 
Table 2 0 it can be seen that both these phenomena occur in the 
present series of tests 
43 	TL 	7ECT ON TRANEITION POINT OF A CHAN(L IN AXIAL 
VELOCITY RATIO ACHIEV ED BY A RDUCTIC*I IN EXIT AREA 
These results are presented In the form of a plot of 
vs k (Pig. 4.3). The lower curve of each pair is the position 
C 
where the oscilloscope first indicated traces of turbulent motion 
i.e. instability of laminar boundary layer. The upper curve is the 
position where the flow is considered to be fully turbulent. 
Readings were taken for the 300  cambered blade at values 
of incidence of -2°, + 30 and + 10 ° i.e. the two extremes and middle 
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of the range of the angles chosen for the other tests on this blade. 
Discussion : From the behaviour shown on the graphs, a 
tentative explanation is as follows : 
As k is increased the streamlines on the suction side be-
come more convergent, i.e. there is a greater'squeezing* effect 
towards the trailing edge, due to boundary layer growth on the end 
walls and an increase of momentum flux into the region of the 
central streamline, encouraging turbulence and hence producing 
earlier transition. 
On the pressure side, the reverse takes place, and the 
divergence of the streamlines indicates that there is a decrease 
of momentum flux from the region of the central streamline, and 
this delays transition. 
The effect of increasing incidence is what could be ex-
peoted, i.e. the point of transition moves forward on the suction 
surface, but rearward on the pressure surface, so that ultimately 
transition would occur at the leading edge on the suction side, 
and the flow would remain lamina all along the pressure surface. 
This latter is seen to occur when i = 10, though on the suction 
surface the incidence would have to be increased further to 
achieve leading edge transition. 
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5.0 	COMLVSIONS AND SUGGESTIONS FOR FURTHER WORK 
501 	CONCWSICI!S 
-ftentgM Tbjckn,sa GTOWtb 
We may conclude from the previous discussion that 
For lightly loaded blades Wals.uTrucksnbrodt gives an ade- 
quate, prediction of growth of the momentum thickness. 
With bled.s loaded so that separation occurs during the 
last 20% of blade chord, the method of Qrusohwits-K.bl 
is an improvement over that of W-T but that 
a 'local' value of the axial velocity ratio used in the 
G...X technique produces the most satisfactory results of 
the three techniques, notwithstanding the fact of separ-
ation of the turbulent boundary layer on the suction 
surface now the trailing edges 
We may also claim that the original hope that this predic-
tive method using a 'local' value of k would improve the accuracy 
of prediction, in particular In those regions of high blede load-
ing where the other methods discussed fan short, has in fact been 
realised. 
5.2 	SUGGESTIONS FOR FURTHER WORK 
11 	It is clear that the use of a 'local' value of Ic in the 
Orusohwiti'.K.hl prediction of turbulent boundary layer growth, in -
proves predictive accuracy. What is required is another method of 
assessing the streamline pattern on the blade surfaoe obtained from 
the film deposit technique. In other words could use be made of 
the degree at convergence or divergence of streamlines to modify 
the method of evaluating Ic. 
2. 	The unsatisfactory position regarding the relation of 
laminar separation to the transition point also needs further 
investigation. Part of the trouble no doubt lies in the fact that 
we az's comparing an actual value of one parameter with the predic-
ted vain, of another, POrhaps it iii cue for attempting erp.ri. 
mentaijy to obtain the point of laminar separation, a procedure that 
would require careful application to avoid causing the sort of die.. 
turbanoe in the stream that would invalidate azq moderately 
accurate estimate of the separation point itself, 
The subject of the effect of axial velocity variation on 
other aspects of subsonic flow through a compressor cascade has 
been recently undertaken by Muck and Norbury and Ilyaa and 
NOrbury 21 both reported in the proceedings of a I. Mesh, R. oon. 
fereno. earlier this year, so this aspect of the work is receiving 
thorough investigation. 
The possibility of the existence of a am&l1 bubble near 
the leading edge of the pressure surface at negative values of 
incidence, indicated by poor prediction in this region, shows that 
the normal methods of predicting laminar boundary layer growth 
cannot be expected to make allowances for such phenosn.na, What is 
needed, therefore, is further work in this region to explore the 
nature of the bubble and the behaviour of the flow near the point 
where reattachment of the bubble occurs, so that prediction after 
this point can be related to these upstream conditions, 
5 • 	In general tern, it would seem logical in work of this 
nature to design a compressor cascade for prescribed velocity dis-
tribution and then proceed with experimental work - the procedure 
adopted by Musk and Norbury - rather than to use the C4 profile 
without regard to the overall performance expected of the blade 
cascade, or to the performance at a desired design point, 
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TABLE I 	 VELOCITY PROFILES 
(y in inches) 
30, -2, S 
y u/u0, y u/u 1. 
,c/c = 1.0 1100 .988 
.020 .371 1110 .993 
.040 .497 .120 1.000 
.060 .580 x/o a 
.080 .667 .020 .635 
.100 .739 .030 .762 
.125 .830 .C40 084.9 
.150 .890 .050 .911 
.175 .939 .060 .946 
.200 .974 .070 .981 
.225 .990 .080 .989 
.250 1.000 .090 •994 
X/C = .9 .100 11000 
.020 .651 ,c/c a .6 
.040 .736 .015 .465 
.060 .807 .020 .583 
.080 .861 .025 .655 
.100 .916 .030 .925 
.125 .951 .035 .94.0 
.150 .988 .04.0 .991 
.175 1.000 .045 .993 
x/c • .8 .050 .996 
.020 .733 .060 1.000 
•04. .851 x/c • .5 
.060 .920 .015 .545 
.080 .976 .020 .630 






















30, -2, S 
y u/u0. y u/u 0 y u/u 
x/o = .2 .200 1.000 .150 1.000 
.020 .922 x/o=.8 x/c..5 
.025 .990 .020 .771 .020 .857 
.030 .998 .030 .806 6030 .917 
.035 1.000 .04.0 .84.0 .04.0 .959 
x/a = .1 .060 .884 .050 .979 
.020 .931 1 080 .922 .060 .991 
.025 .994 0 100 ,956 .070 .996 
.030 1.000 .150 .980 .090 1.000 
30,-2,P .200 1.000 X/C 04 
.020 .677 y u/u .015 .871 
.04.0 .764 .020 .774. .020 .94.2 
.060 .822 .030 .804 .030 .973 
.080 .869 .04.0 .84.3 .04.0 .990 
.100 .907 .050 .883 .050 .990 
.150 .969 .060 6909 .060 1.000 
.200 .992 .070 0930 x/o = 03 
.250 1.000 .090 .964 .015 .94.5 
x/o • .9 0100 .981 .020 .979 
.020 .676 .150 1.000 .030 1.000 
0030 .789 x/c t .6 x/c v .2 
.04.0 .824 .020 .817 .010 .980 
.050 .84.2 .030 .861 .015 .987 
.070 .886 .0 .900 .020 .992 
0090 .927 .050 .924 .025 1.000 
4100 .958 .060 .960 xio • .1 
.125 .987 1080 .981 .010 .995 
.150 .995 0100 4993 .015 1.000 









.275 1*000  







.175 1*000  





.120 1,000  






















.050 1.000  






.a..o 1.000  










.025 11000  




30, 0, P 
y U/U 0. y 11 /'U u/u 
r/o • 10 .00 .866 0015 .818 
.015 .148 .060 .916 9020 1888 
.020 .615 .080 .962 0030 4959 
.030 .715 .100 .977. .00 .986 
00 .765 0150 10000 0030 11000 
0050 .830 rio..7 r/oe.4. 
.060 .857 .010 .691 .015 .890 
.080 .875 .015 .726 .020 .956 
1100 .934. .020 0770 0030 .985 
.150 .986 .023 .801 .00 .997 
.200 1.000 0045 0859 .050 1 1000 
rIo - .9 .060 .924 r/o • .3 
•010 .740 .080 .952 .015 .921 
.015 .775 1100 .978 .020 .977 
.020 .86 .130 10000 .030 .986 
.030 .822 rio .6 .C40 10000 
.040 .849 .010 .738 r/o • 0 2 
.060 .897 .015 0785 .013 .952 
.080 .927 .020 .&13 .020 1980 
.100 .959 0030 6855 .030 .986 
.150 0979 .00 .892 .00 10000 
.175 1.000 .060 0945 x/o • .1 
rio a 18 1080 .973 005 805 
.010 .708 1 100 .980 0010 .909 
.015 .763 .125 1.000 .015 .977 
.020 .783 x/s s .3 .020 1 0000 
.030 .817 1010 .777 
30, 3, 3 
7 ".0 7 7 U/U,, 
xis • 1.0 ,00 .727 .010 .729 
.075 .136 .050 .782 .015 .830 
.100 .316 .075 .878 .020 .917 
.125 .485 .100 •96 .030 .934. 
.150 .605 .120 .982 .0 .975 
.175 .718 .130 1.000 .050 .996 
.200 .826 ZA 2 •7 .060 1.000 
.225 .890 .010 .610 x/o • 04 
0250 .963 0020 .701 .010 .721 
.275 1990 .030 .765 4O015 .825 
.300 1.000 • .0 .824 .020 ,909 
2i0 .09 .050 .870 ,025 0948 
.020 .332 .060 .907 9030 .990 
.025 .407 .080 .972 .040 1,0000 
0050 .587 .100 .997 z/o • 
475 .719 no 1.000 .010 .4.57 
.100 .819 zie06 .013 .716 
.125 .912 .010 .680 .020 .865 
0150 1969 .020 .780 .025 0935 
.260 .977 .030 .838 .030 .966 
.270 6989 .01.0 .893 .033 14000 
11180 .997 .050 .938 x/os.2 
.190 1.000 .060 .966 0010 0723 
• 	z/c..8 .070 .986 .015 .883 
.010 .516 4060 0996 0020 .%7 
.020 .613 .090 10000 .025 .977 
.030 .678 x/c.5 .030 1.000 
I/C a .1 7 
u/u 0. y u/u .o .968 
0010 .817 .150 .996 .060 .987 
0015 .906 .200 1.000 .080 .989 
.020 09% I/o a .8 0 100 .996 
.025 1,000 .010 .775 .200 11000 
.020 .827 x/e a 
ONO  32 p .030 .866 0010 .671 
• 1.0 .040 9906 .020 an 
.010 .663 .060 .954 .030 .945 
.020 .799 
1080 0958 .040 .964 
.030 .856 0100 .979 0050 .973 
.040 •88 .150 .986 1100 .989 
0050 0919 o2OO 1.000 .150 1 1 000 
,060 94.3 
x/c..7 x/cs.4 
.080 1010 .702 .010 .753 
0100 996 
.020 .813 0015 .843 
.150 997 
0030 .888 .020 .922 
9200 1,000 0040 .946 .025 990 
x/o 9 
.060 .979 .030 .060 
.010 .762 0080 6993 0050 .993 
.020 .816 1100 9996 1100 .996 
.030 .844 0150 0999 .150 1.000 
.04.0 .897 
aco i. I/C • .3 
.030 .922 it/c a .6 1010 .662 
.060 0015 094.9 
.080 1965 .020 .819 .020 .962 
0 100 .975 0030 .926 .023 .973 
7 U/U 0 y u/u y u/u 
.030 .983 .100 .382 x/a .6 
.050 .994. 0150 .565 020 .654  
0100 11000 • . 763 
z/o • .2 *200 .744 
.250 .895 .060 .858 
0010 .784 
.015 1918 
.300 .980 .080 .923 
.000 .958 .325 .993 .090 .970 
.023 .980 .350 1.000 0100 .986 
.050 1.000 x/o a .8 .110 .9% 
z/o..1 .025 .406 .120 1.000 
.005 .815 .050 .313 x/oa.5 
.010 .982 .075 .607 .020 .707 
.015 0995 .100 .701 .CZ0 .821 
.020 .995 .125 .760 .060 .912 
.025 1.000 0150 .879 .080 .968 
.175 .94.5 .090 .991 
30. 7. S .200 .980 .100 10000 
x/oal,0 .210 .993 
.150 .133 .220 1.000 .020 .78 
.200 ,216 x/c • .7 .030 .862 
.250 .415 .025 .600 .(0 .906 
.300 .546 9050 .718 0050 .933 
.350 .742 .075 .812 .060 .972 
.400 .863 1100 .912 .070 .998 
.430 .965 .120 .965 .080 1.000 
.500 1.000 .140 .994 x/o a 
i/o a 9 .130 1.000 .020 .813 
.050 .176 .030 .974 
y u/u 0, y u/u y 
.929 0050 0980 .080 10000 
0050 .968 .060 .990 u/c • .5 
.060 .993 .080 .993 .010 ,649 
.070 1.000 .100 10000 .020 .809 
2 x/o.,8 .030 .951 
0020 .946 .010 0413 000 .982 
0030 .984 .020 .635 .060 .992 
.035 11000 .030 .833 .080 1.000 
X/C el .040 .907 
.035 .989 1050 1935 .010 .725 
.020 0995 .060 .977 .020 0903 
0025 11000 .080 0989 .030 .972 
1100 10000 .0 .993 
30.7.P x/o.7 .060 1.000 
no .1.0 .010 .4.78 n/c • .3 
1010 .729 .020 .663 .010 .702 
.020 .875 .030 .829 .020 .907 
.030 .9I8 .00 .932 .030 .978 
.040 .973 .050 0976 .00 .988 
.60 .985 .060 .998 .060 1.000 
.070 995 .000 1.000 n/c • .2 
.100 1998 r/o • .6 .010 .962 
.1 11000 0010 $81 .015 .977 
n/c • .9 .020 .825 1020 .985 
1010 .4.84 .030 0923 .030 .985 
.020 .747 .40 966 .040 1.000 
.030 6881 .050 .972 •z/o..1 
.01 .0 .9 .060 .977 .010 485 
.015 i.:o 
30, 10, S 
y */U u/u y u/u 
xis • 110 .250 .952 no 1,000 
.200 .098 .273 .980 x/s .4 
9250 .278 .300 1.000 .020 0729 
0300 .455 xIs - .7 .030 .762 
.350 .655 .025 .4.30 .040 .835 
.400 0777 0050 0556 .060  
0450 4896 0075 66.8 4070 .968 
.500 .978 1100 9747 .000 .986 
*550 6996 .125 .84 0090 1.000 
0600 1.000 .150 .928 x/s - .3 
.175 6983 0020 an 
1100 6161 .200 .994 0030 .883 
.130 .369 .225 16000 00 .926 
.200 .565 xIs - .6 .050 .973 
.230 .741 .025 1606 1060 .969 
6300 .878 0030 6729 .070 1.000 
.325 1940 .075 0839 x/e-.2 
6350 6986 1100 0932 .025 .905 
.373 .992 .125 0990 0020 0926 
04.00 1 0000 .150 1.000 0030 .978 
x/c..8 x/..5 .00 .9% 
.023 6177 .025 .717 0050 1.000 
0050 1281 .050 .SIi7 xis s .1 
1100 1462 .070 .925 0010 .837 
.150 1611 .000 0945 .013 .931 
.200 .829 0090 .974 1020 .971 
.225 0901 .100 .903 .025 1.000 
30, 10, P 
7 U/U.. 7 
tie a 1,0 X/C a .6 
.025 .683 .015 9759 
.030 .793 .020 .835 
.040 .889 .025 .912 
1060 .975 0030 .945 
0080 .987 .040 .979 
0 100 16000 .050 .983 
xic • 09 .070 1.000 
.025 .757 z/o..5 
0030 .860 .015 .750 
.020 .878 
.060 1980 .025 .928 
1080 1.000 030 .964. 
z/o..8 .C40 .989 
.025 .803 .060 1.000 
6030 .870 x/o • .4 
.04.0 .943 .015 .934 
.060 .990 .020 .9 
.080 11000 .025 1980 
x/o a 0 7 .030 .980 
4015 .779 004.0 .986 
.020 .835 0050 .986 
.025 .919 .060 1.000 
.030 .938 • 0 3 
.040 0981 0015 .94.3 
.060 .989 .000 .982 
.000 11000 .025 9993 








.020 1,000  
50.7, 8 
7 	u/u,6 






















.180 10000  









.130 1.000  







.080 16000  








.055 1-000  





y 	u/u 0. 
.04.0 	.991 
001+5 	.995 






.c4.o 1.000  










X/O B .1 
.015 	.980 
.020 1.000 
50, .7, P 
7 u/uD, Y uu 3' U/U_ 
• z/c a 1.0 .075 .813 .175 1.000 
.020 .763 1 100 .859 z/e a 0 5 
.030 .791 .150 .949 .020 0662 
0040 .820 .200 .983 .030 .74.5 
0050 .89 .250 1.000 .040 .751 
.075 1882 z/oa.7 .050 .783 
0100 .914. .020 .592 .060 An 
.150 .968 .030 .661 .060 1 889 
.200 0990 .04.0 .696 .100 .943 
.250 1 1000 9050 .720 .125 .989 
x/ea,9 .060 •748 .150 1.000 
.020 .668 .080 .824 Z/0 a 04 
.030 .731 1100 .890 .020 .64.7 
.751 .125 .91+5 0030 .728 
0050 .778 .150 .980 .040 .752 
.075 1 822 .175 .989 .050 9789 
1100 • 866 .200' 1.000 .060 .835 
.125 .905 x/ca.6 .o7o .869 
.150 .931 1020 .653 0090 0944 
.175 .966 .030 .69;+ .100 0986 
9200 .989 •(*0 9739 .125 1 9000 
.250 11000 .050 .766 xIs a 0 3 
*10 a 0 8 .060 .804 .020 685 
.020 .64 .080 .863 .030 .764. 
.030 .707 1100 0910 .040 .822 
.040 .735 .125 .953 .050 .874 
.050 .765 .150 .988 .060 9913 
7 U/U Y U/u,, y 
.070 .949 .025 .635 1 080 .987 
.080 .987 .050 •774 4090 1.000 
.100 .993 .075 084.2 x/ca,6 
.125 1.000 1100 ON .020 .845 
• 0 2 .125 .954 .030 .914 
.020 .712 .150 .988 .0 .961 
.030 .767 .160 .992 .050 .979 
000 .893 .170 1.000 .060 1989 
.050 .938 r/o a .8 .070 1.000 
.060 9975 0020 0743 rIo s 05 
.080 11000 .030 .804 .020 0930 
2/0 ..1 0040 .836 .023 .969 
.020 .790 .050 .867 0030 .981 
.030 .838 .060 9901 .035 1.000 
0010 .911 .070 .921 r/o..',. 
.050 .939 0080 .947 .015 .887 
.060 1.000 6090 .96o .020 .949 
1100 1980 .025 .982 
S no 9994 0030 .995 
.075 .483 .120 .996 .035 11000 
1100 .797 .130 1.000 rIo a 
.130 .823 rIca .7 .015 .960 
.200 .887 .020 .808 .020 .986 
.225 .%4 .030 6871 .025 .996 
.250 .976 .0 .892 .030 1.000 
0270 .991 .050 .938 rIo a .2 
.273 1. .060 •%5 .015 .977 
rio . .9 .070 .977 .020 .995 
7 u/u.. 7 u/u cj, y li/u.4 
9025 10000 ,C,0 .805 .013 .737 
We • .1 .050 .839 .020 .763 
11010 .977 9075 .885 .030 
.015 .988 0100 .924 .OiO .&3 
.020 1 9000 .150 0979 .030 ,875 
.200 1.000 .060 9905 
50.-3.P 3t/e,7 .080 0 945 
.z/'o • 1.0 9020 .738 .100 .975 
.020 682 0030 .779 450 10000 
0030 .806 .805  
000 .838 0050 .839 .015 9715 
0050 .857 .060 ,861 .020 .774 
.075 .897 .075 91910 0030 .836 
1100 9931 .100 01%9 .ço .881 
.150 .975 0 150 ,991 6050 .926 
0200 1.000 ,200 1.000 .060 .933 
0 9 x/es.6 0080 .978 
.020 • 73i 9015 .693 .100 .987 
.030 .782 .020 .737 450 10000 
040 .805 .030 .783 .z/oa.3 
0050 .823 .00 .813 .015 .703 
6075 .867 0030 .832 .020 ,779 
.100 .922 oo6o 9,863 .030 .874 
450 .980 .080 .907 .040 9 26 
0200 1 0000 0100 09 .050 .952 
x/e..8 0150 .o .060 .956 
1 020 .747 9200 1.000 .000 ,991 
030 .789 x/e a 5 1 100 10000 
7 u/u. 1 y u/u 00 y 
u/c e .2 9075 .593 .020 .764 
0015 .670 1 100 .680 0030 .815 
.020 .825 .125 .774. .O0 1864 
.030 .915 .150 .858 .050 .905 
.954. .175 .921 .060 094.4 
.050 .94 .200 .975 .070 .965 
.060 .986 .225 .993 .080 .982 
.080 1 0000 9230 .995 .090 .993 
x/ea .1 1240 1.000 .100 11000 
.015 ,907 zfc..8 z/e.05 
.020 .966 .020 .54.6 .020 1801 
9030 0988 0 0 .655 .030 1919 
0994 1060 ,715 .000 .965 
.050 1.000 1080 1 819 .050 .9% 
.100 .897 0060 1.000 
.120 194.6 
u/c • 1.0 .140 .983 .020 .829 
.050 0199 .150 1988 .025 094 
0 100 .361 .160 1,000 4030 .967 
0150 .517 x/s s .7 0035 .976 
.200 9662 .020 1681 040 .988 
.250 4.827 . .803 9045 11000 
0300 0937 .060 .890 x/s • .3 
0350 .987 .080 •946 .020 .916 
.375 1,000 6100 .983 .025 .959 
1/s a •9 1110 .995 .030 1986 
4025 9379 .120 1,000 .035 16000 
.050 o465 x/s • 06 
7 y u/u 00 u/u 
x/e,2 .123 .989 .080 1963 
.015 .916 .150 1.000 1100 0980 
.020 .986 rIo a .8 .125 1.000 
.025 11000 .020 .730 x/s • .5 
r/o = .1 9030 .774 .020 .8(1,. 
.015 .989 .040 .805 .030 1858 
.020 11000 .050 .826 . +o •C9,. 
.060 9870 0050 .943 
5Q. O P .080 .896 .060 0957 
xis = 1.0 1100 0930 .080 .986 
.025 .815 .130 1.000 0100 1 6000 
.030 .855 xio..7 
.888 .020 .740 .020 .751 
.050 .900 9030 .785 .030 .862 
.060 .920 .040 .827 0040 9942 
108c .050 .860 .050 .988 
1100 .968 .060 .886 .060 .995  
9 125 .988 .070 .913 .080 1.000  
.150 1 .000 .090 .954 xIs • 0 3 
rio a .9 .100 .979 .020 .800 
.020 .737 .125 1.000 .030 .939 
0025 .757 r/o * .6 .040 .983 
.030 .802 .020 .746 .050 .988 
1040 .823 .025 .777 .060 .993 
.050 .856 .030 .802 0080 1.000 
.060 .883 .040 .855 r/o - .2 
1080 .935 .050 .889 .020 .875 
1100 0950 .060 .915 .030 .964 
u/u0. 7 U/U.a y u/u 0. 
.00 .973 .200 .563 .130 .960 
0050 .979 .250 .742 0140 .976 
.060 1.000 .300 .886 .150 .9%. 
z/o • .1 .325 .972 .160 11000 
.015 .972 .350 .988 rio • .6 
.020 .985 .360 1.000 .015 .631 
0030 .995 rio a 8 .020 .658 
0040 11000 .020 .279 .030 9725 
.030 .310 004.0 .766 
50.33 0050 .383 .050 .816 
r/o • 1.0 .075 .496 .060 .852 
.150 .163 1100 .602 6070 .899 
.200 .230 .125 .689 .080 •92I 
.250 .325 .150 .752 0090 0958 
$ 00 .424 .175 .860 1100 .972 
050 0545 6200 .959 no 0994. 
0400 .690 .210 .970 .120 10000 
.450 .789 .220 • 98l r/o • 0 5 
9500 .903 .230 .994 6015 .747 
.525 .971 .24.0 1.000 .020 .786 
.550 .989 xios.7 4030 .84.6 
.575 11000 .020 .467 .0 .884 
r/o • .9 .030 .539 .050 .932 
.025 .114 .0,.0 .593 .060 .962 
.050 .160 0050 .61,9 .070 .977 
.075 .226 .075 .774 1080 .992 
1100 .288 1100 .870 0090 .996 
9150 .416 .125 .955 .100 1.000 
7 u/u to y u/u s. y u/u 00 
r/o a .4 .020 .783 .020 .744 
.015 .796 .030 .872 .025 .791 
.020 .830 .04.0 .886 .030 .875 
.025 .869 .050 .917 .04.0 .936 
.030 .894. .060 •937 .050 .971 
.04.0 .929 .080 .964 .060 .980 
9050 .970 1 100 .988 .080 .988 
.060 .983 .150 1.000 .100 1.000 
.070 .990 x/oa,9 x/os,6 
.080 1.000 .020 .701 .020 .821 
r/o a 	3 .025 .770 .025 .856 
.015 .881 .030 .799 .030 .905 
.020 .94.1 .040 .862 ,035 .936 
.025 .969 .050 .933 .040 .973 
.030 .984. .060 .970 .050 .986 
.040 .993 .080 .992 .060 .986 
.050 1.000 1 100 .995 .080 .991 
rio • .2 .150 1.000 .100 1 1 000 
.010 .894. rio - .8 r/o - .5 
.015 .981 .020 .759 .020 .863 
.020 .995 .025 .805 .025 .913 
.025 1.000 .030 .887 .030 .945 
r/o a .1 .04.0 .953 0035 .960 
.010 .991 .050 .971 .040 .981 
.015 1.000 .060 .980 .050 .995 
.080 .988 .100 1 1000 
50. 3. P 100 11000 rio a 4 
rio = 1.0 r/o a •7 .015 .856 
y u/u.0 so, 5. S y 
.020 .905 x/o • 1.0 .240 1.000 
.025 .943 .200 .200 x/ca.7 
0030 .962 .250 .254 9025 .501 
.035 .973 .300 .377 .050 .639 
*040 .973 .350 .539 .075 .738 
.050 .986 400 .681 0100 .856 
1100 11000 .450 .732 .125 .94.3 
x/o a 03 .500 .849 .150 .973 
.015 .966 .550 .991 .160 .992 
0020 .971 .600 1.000 .170 11000 
0025 .980 x/o..9 x/c..6 
0030 .980 .100 .245 1020 .636 
0040 .988 0150 .364 .030 .691 
0050 .988 9200 .54.5 .01,0 .742 
1100 1 1000 .250 .706 .060 .849 
x/o a .2 .300 .825 .070 .878 
.015 .976 0350 .965 .080 .920 
.020 .976 .373 .979 .090 0943 
.025 1984. .400 1. .100 .960 
9030 1984 i/o . 0 8 .110 .975 
.050 .992 .025 .268 .120 .988 
.080 1.000 .050 .393 .130 1 1000 
x/oa.1 4075 .473 x/ca.5 
.015 .983 .100 0600 .020 .701,. 
.020 .992 .150 749 .030 .800 
.025 .992 .200 .919 .(0 .81,1 
.030 .992 .225 .986 .050 •891, 
.050 11000 .230 .986 .060 0930 
7 u/u 0. y u/u y 
.070 .959 .025 1.000 .ee0 .803 
.080 1989 .030 .86 
.090 .996 50.5.P .00 .913 
1100 1 1000 i/o .1,0 .050 .914 
i/o a4 020 .815 .060 .970 
.020 .789 ,00 .886 .080 .981 
.030 .877 .060 .938 .100 1.000 
.(iO .926 1080 .961 i/o • 0 6 
.050 .953 1100 .976 .020 .72k 
.060 .979 .150 1.000 0030 049 
.070 1.000 i/c a 9 ,00 .931 
a •3 .025 .837 6030 .959 
.015 .798 .030 .836 1060 .975 
.020 .868 .040 .877 .070 .988 
0025 .915 1050 .899 .080 .988 
.030 . 	0935 .060 .932 .090 1 .000 
.035 470 .080 .955 i/c a 0 5 
.985 .100 .990 .020 495 
•015 1.000 .150 1.000 9030 .830 
z/oa.2 x/ca.8 .C*0 .931 
.015 .808 .025 .819 .050 .988 
.020 0934 .030 .80 .060 0988 
.025 .973 .0)+0 .879 .070 10000 
0030 .991 .050 .905 x/oa.4 
.033 1.000 .060 0940 .020 1866 
i/ca.]. .080 .987 9030 .958 
.015 .924 .100 1.000 .0 .968 



















.025 1*000  
Niminumi Overall Local Turbulent 
Pressure k Ic separation 
L'C 
.025 1.2 1.45 0.72 
.115 1.2 .98 - 
.025 1.218 1.14 0.85 
.1]. 1.218 .985 
.0k,. 1.129 1.14 
.05 1.129 .963 
.06 1.113 
.06 1.113 - 
.05 1.10 - 
.055 1.10 - 
Incidence Deflection ?rsnsition ____ Predict 
& Surface MSSII T1US S.p.i'stica Instability 
x, /c 	is/c xi,!. x/e 
+103 32*0 .10 	.12 .07 
+ 10 P 32*°  Imajam .49 .28 
+ 7$ 31 .17 	.25 .12 - 
+ 7P 31 .77 	1.0 40 
+ 	38 27° .27 	.45 .32 - 
• 	3P 27° .59 	.73 .41 .0 
OS 23 ° .51 	.57 .48 Ck 
OP 2510 .44 	.50 .39 .05 
- 	28 2349  .60 	.66 .48 .03 
- 	2P 23+° .37 	.43 .20 - 
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xs  /0 
.18 
0 
.21 
0 
.38 
.21 
.48 
.20 
.4.9 
.08 
Predicted 
Instability 
X  
0 
.05 
.11 
.035 
.21 
0 
Minimum  
Pressure 
x/c 
.02 
.135 
.02 
.135 
.06 
.15 
.04 
.225 
.025  
1.23 
1.23 
1.22 
1.22 
1.183 
1.183 
1.147 
1.247  
1.116 
1.116 
3.. Text 
Sec. 4 
Turbulent 
Separation 
0.65 
a 
0.83 
TABLE II 
